a2 United States Patent

Elwood

US006304963B1

(10) Patent No.:
5) Date of Patent:

US 6,304,963 Bl
Oct. 16, 2001

(54

(75)
(73)

*)

@D
(22

(63)

D
(52)
(58)

(56)

HANDLING EXCEPTIONS OCCURING
DURING PROCESSING OF VECTOR
INSTRUCTIONS

2285155  6/1995 (GB).

* cited by examiner

Inventor: Matthew Paul Elwood, Austin, TX Primary Examiner—Zarni Maung
(US) Assistant Examiner—Jungwon Chang
(74) Antorney, Agent, or Firm—Nixon & Vanderhye P.C.
Assignee: Arm Limited, Cambridge (GB)
57 ABSTRACT
Notice: Subject to any disclaimer, the term of this . .
patent is extended or adjusted under 35 The dat.a processing apparatus and methpd comprises an
U.S.C. 154(b) by 0 days. instruction decoder for decoding a vector instruction repre-
senting a sequence of data processing operations, and an
Appl. No.: 09/144,175 execut@on un.it comprising a plurality of pipelined stages for
executing said sequence of data processing operations. The
Filed: Aug. 31, 1998 execution unit includes exception determination logic for
determining, as each instruction enters a predetermined
Related U.S. Application Data pipelined stage, whether that data processing operation is an
exceptional operation matching predetermined exception
Continuation-in-part of application No. 09/078,595, filed on criteria, the execution unit being arranged to halt processing
May 14, 1998, now Pat. No. 6,216,222, and a continuation- of said exceptional operation. Further, an exception register
in-part of application No. 09/085,752, filed on May 27, . . . . - . .
1998, now Pat. No. 6.180.094. is provided for storing exception attributes relating to said
’ ” exceptional operation, said exception attributes indicating
Int- Cll7 ........................................................ G06F 9/00 Which data prOCeSSing Operation in Said Sequence has been
US. Clh e revrercreecssecse e 712/244 determined to be said exceptional operation. This enables
Field of Search ............cccoccovvvevenneene. 712/244, 5, 9, the exception attributes stored in the exception register to be
712/1, 222,229, 3 provided to an exception processing tool for use in handling
said exceptional operation. By this approach, it is possible
References Cited for an exception processing tool to be used to handle the
US. PATENT DOCUMENTS speciﬁf: except.io.nal operation that ha§ given ri§e to the
exception condition, rather than providing the entire vector
4,777,593 * 10/1988 Yoshida ........ccoccoverrvervemrrenrrnnes 712/9 instruction for handling by the exception processing tool.
4,791,555 * 12/1988 Garcia et al. ...... 712/1 Further, since the whole vector instruction does not need to
5,043,867 * 8/1991 Bhandarkar et al. . 7127222 be handled by an exception processing tool in the event of
5,150,469 *  9/1992 Jouppi ..coveovseneee. e 7127244 an exception being detected, it is possible for the registers
5,297,263 3/1994 Ohtsuka et al. - 7121244 holding data values associated with a particular data pro-
5,418,973 * 5/1995 EIlis et al. woovoooovvoevreeceeessrer. 7123 (Ging operation in the sequence to be released for use by
5,596,733 * 1/1997 Wortley, Jr. et al. ... 712/244 . . X
5669013 * 0/1997 Watanabe et al. oo, 71055 subsequpnt instructions as soon as execution of tha.t data
5,880,082 * 3/1999 Rodgers et al. ... . 7127229 processing operation has completed, rather than having to
5,087,600 * 11/1999 Papworth et al. .c.ccooveee.... 712/244  ensure that those registers are “locked” until the entire
vector instruction has completed.
FOREIGN PATENT DOCUMENTS
0 147 858 7/1985 (EP). 13 Claims, 20 Drawing Sheets
400 38
L ™
440: INSTRUCTION 445
DECODER
REGISTER
FILE
455 T 450
0 414 N Yo
B { Eot] El j—— 4
212 416 220 — 460
- 418
E3
—419
E4
465
470




US 6,304,963 B1

Sheet 1 of 20

Oct. 16, 2001

U.S. Patent

L 014 pe

£ — }

T [T e T

welsAs 310D

oll Aowsiy ayoeQ NdO

22~ oc— gz S e — ﬁ

9¢€

Nndd

lossaooido)

44

9¢




US 6,304,963 B1

Sheet 2 of 20

Oct. 16, 2001

U.S. Patent

oY /ﬂgm_mmm 1ejeog 10 J0J0BA
I

A J

OV

S

s

jonuon
810iS

pecT
£ |0AIUOT) J0108A

wm\

N

[ed [ 2d [ 1 [ epoodo |

L/

NLANL

PAS _ - 0S Nq\
< .
—
-

_ P> onssj UCHONJISU| R

jonuo laisibay
> [

Y
\/

gisul visu] gisuj 8isul|  AA=A
J1sUl gisul GIsUl HIsUl|  S.A=A
gIsSu| gisul [isu| Qisu]| S,S=S

—>» ANd [N QNS ppY

8y

_ 1s/ue “ 5

o)



U.S. Patent Oct. 16, 2001 Sheet 3 of 20

Single Precision

Start

US 6,304,963 B1

/58

Is Len
equal to zero? ggg:.%s |
/ 62
Is Destination @) '
peration
one of SO to S77? is S=SopS
Destination 2
is a Vector 64
68
v
[s 1st Operand 0O '
peration
one of SO to S77? is V=VopS

N 66

Operation | ™\

is V=VopV 70
End

Fig.3



U.S. Patent Oct. 16, 2001 Sheet 4 of 20 US 6,304,963 B1

Double Precision

Start

Is Len All Regs
equal to zero? Scalars
[s Destination ®) i
peration
one of DO to D37? is S=SopS
Destination
is a Vector
Y
Is 1st Operand O '
peration
one of DO to D37 is V=VopS
74
N
Operation
is V=VopV
y Fig.4

End




U.S. Patent

Oct. 16, 2001

38

[ <« < <« < —<l< <

Fig.5

Sheet 5 of 20 US 6,304,963 B1

Start Reg - S2
Length - 3
Stride - 0

S2
S3
§S4 Start Reg - S14
S5 Length -5
Stride - 0

S8
S9
S10
S11

S14
£ S15

Start Reg - S25
Length -7
Stride - 1

o 2
QSZQ )
s 2




U.S. Patent Oct. 16, 2001 Sheet 6 of 20 US 6,304,963 B1

38
Start Reg - DO
Length - 3
Stride - 0
DO DO
—; D1 é D1
D2 D2
H D3 D3
D4
p 5
D6
D7
D8
D9 Start Reg - D15
| D10 Length - 1
| D11 Stride - 1
D12
‘; D13 D13
D14 5
] D15 D15

Fig.6



US 6,304,963 B1

Sheet 7 of 20

Oct. 16, 2001

U.S. Patent

¢SY ISH ad opoodQ #201d0D)
/! AN
S S g 14 14
uopeladO  NJ/A 1deooy
9z1S eleq
T
eSH ISH ad apoodQ #901400
N\ SN
S ] g 14 } €
uopeladQ N/A 1deooy
8L 9/
RN
¢Sy lSH ad apoodQ #001400 | dO
AN _\
G g g 14 14

VAL

g/ 614

v/ DI+



US 6,304,963 B1

Sheet 8 of 20

Oct. 16, 2001

U.S. Patent

8bi4
8pod
X3 jepun
walsAs Aows
98
A
00V WO
c8 Y
op0oad B[ deooy > X3 §8pun
UoreT 1su) |
(do#NsuldD
J0ss$8201do)
uoisioaid s|gnog 2 >
pue sjbuig yied ejed 8100 WV
%i\ 08"




US 6,304,963 B1

Sheet 9 of 20

Oct. 16, 2001

U.S. Patent

6014
apon| epo)H uonenw3
X3 jepun | uoisiaid ajgnog
waisAg Alowaiy
98
20yYWaN
¢8
8p0oea ®[  1deooy > X3 J9pun
YOleT] 1SU| L
(do#hsuldo
ooidon
uoisioald |« >
oifuis | uederq 9100 WYV
)
mm:\ 08




U.S. Patent Oct. 16, 2001 Sheet 10 of 20 US 6,304,963 B1
CPlInst A
32 Accept
82
-/ 3, CP#{3:1] 101
1
! C
Instruction Latch ompare
Enable t
to Decode
Fig.10
CPlnst A
32 Accept
A7 82
~— 4 CP#[3:0] 1010
A
. C
Instruction Latch ompare
Enable T
¢ to Decode

Fig.11



U.S. Patent Oct. 16, 2001 Sheet 11 of 20 US 6,304,963 B1

Get instruction that
caused exception

90 _ 92
Emulate DP
Operation

Y

Is it a CPInst &
does CP#=1011?

Catch all
code

RetUrn to normal
program flow

Fig.12



US 6,304,963 B1

Sheet 12 of 20

Oct. 16, 2001

U.S. Patent

Geo~ €L DI
YII
O.VN/ /mmN
A A [ < |
HOSdd
iz
<
5 TOHLNOD
= —> 340LS
H avol
d
3 e
N#\
) A NSS! NOLLONYLSNI
any
JOYLNOO HALSIDAH |
oge—" o




U.S. Patent

'

Oct. 16, 2001

15/300

READ # WORDS AND
FIRST REG #

DBL

?

PRECISION
INSTN

Sheet 13 of 20

NO

OF WORDS

>0
l’

YES

US 6,304,963 B1

TRANSFER SGL
AT REG #
EXIT L[ 354
—~ DEC # WORDS
BY 1
ves NO [356
OF WORDS INC REG #
= ODD
325} ) BY 1
TRANSFER
FPREG
DEC # WORDS
BY 1
NO
/ OF WORDS \ YES
327 {P 332
. 4 |
TRANSFER DBL
AT REG #
EXIT J /334
DEC # WORDS
N a0 s
l[336
INC REG #
BY 1

FIG. 14




U.S. Patent Oct. 16, 2001 Sheet 14 of 20 US 6,304,963 B1

DH DL

/200 /220
i
0
0
0
1
0

FIG. 15



US 6,304,963 B1

Sheet 15 of 20

Oct. 16, 2001

U.S. Patent

9l ‘D4
OS\
/mmv
3
6Ly —1
€3 %
0zt i \\
23
09p ™ g1y~ P
% v ﬁIIV.! 13 a3 ,
~ piy
oev” | SEY Oy
05t S~gop
3714
Y31SIo3Y
< 4300234d <
Sty 7 NOILONYLSNI /03
/mm 08\




US 6,304,963 B1

Sheet 16 of 20

Oct. 16, 2001

U.S. Patent

g/l Ol4
L/
61t -]
/
oz — 8Ly~ OLb
~ ed'ord'Bdaay | ./ e /
«— (S2H‘ZIH'sH)aay ) 64 Ged ‘1Y
vl N
om.v\ AR
VZL ‘Ol
l/
6Lt
/
IR
o2v %%
~ 9Lt Y
<« (pgd'old'sd)aay ) g4 ved ‘9id
\ AN \
oSt AL




US 6,304,963 B1

Sheet 17 of 20

Oct. 16, 2001

U.S. Patent

o715 Ol
IdAL 1431 : SH3Y N1S3d SLIN3LINOD
o3dd 3d00d0O H31SID3y
OX3 H3IgGWNN ANV 30HNOS N LS
I/
IR 2d
(bzy‘oLd‘sy)aav w:\\ 8y
ocv — oLy
~ (Gzu'ZIY'6H)AQY | o,  6H /.
+|||_6Nm.mE.oEvoa< /  okd ocd ‘gid
7 Ly N
oSt 2Ly
oom\ |




U.S. Patent Oct. 16, 2001 Sheet 18 of 20 US 6,304,963 B1

. Al Jo N
Mult Result = B+(A*C)
500
662
= 2 ¥
Multiply
N
Mul Add
\\610
I__l/eea ',4_]’/670 /
AN
630

] 620 Add

12" d
650
\ gtc\)_rfrpalizei \
: Rounding Value ,
— Normalize
N\ and/or
Add Round
660
/
- FIG.,18




U.S. Patent

Oct. 16, 2001

Sheet 19 of 20

RUN EXCEPTION
PROCESSING TOOL

v

READ EXCEPTION

REGISTER

v

DETERMINE
EXCEPTION TYPE

¥

APPLY APPROPRIATE
EXCEPTION ROUTINE

FOR FAILED OP

YES

USER
ENABLED

Y

NO

US 6,304,963 B1

710

720

730

EXCEPTION
?

CALL USER
HANDLER

750

e

l/760

WRITE RESULT TO
DESTINATION REG

v

SET EXCEPTION IN
STATUS REGISTER

ANY
MORE
ITERATIONS

FlG. 19A

|
\ 770




U.S. Patent

O

Oct. 16, 2001 Sheet 20 of 20
800
CREATE NEW

VECTOR INSTRUCTION

l/810

ISSUE INSTRUCTION
TO INSTRUCTION
DECODER

>

- CHECK
EXCEPTION
REGISTER

830

ANY
EXCEPTION
?

FlG. 19B

US 6,304,963 B1

840
yd

EXIT




US 6,304,963 B1

1

HANDLING EXCEPTIONS OCCURING
DURING PROCESSING OF VECTOR
INSTRUCTIONS

This application is a continuation-in-part of application
Ser. No. 09/078,595, now U.S. Pat. No. 6,216,222 filed May
14, 1998 and Ser. No. 09/085,752, now U.S. Pat. No. 6,189,
094 filed May 27, 1998

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to the handling of exceptions in
data processing apparatus. More particularly, this invention
relates to a data processing apparatus and method for
handling exceptions occurring during processing of vector
instructions.

2. Description of the Prior Art

It is known to provide data processing systems that
support vector instructions. Examples of such systems are
the Cray 1 and Digital Equipment Corporation MultiTitan
processors.

Vector instructions are desirable as they allow code den-
sity to be increased since a single instruction can specify a
plurality of data processing operations. Digital signal pro-
cessing such as audio or graphics processing is particularly
well suited to exploiting vector operations as there is often
a requirement to perform the same operation upon a
sequence of related data values, e.g. performing a filter
operation by multiplying a sequence of signal values by tap
coefficients of a digital filter.

Typically, the data processing system is arranged to have
a number of registers for storing data values required for
execution of the data processing operations specified by the
vector instruction. The vector instruction is then decoded
into N scalar data processing operations (where N represents
the vector length), typically taking the form of N iterations
of a particular data processing operation, each iteration
operating on a different set of register numbers.

It is proposed to provide a data processing apparatus for
processing vector instructions, whereby a vector instruction
is decoded into a sequence of data processing operations,
and an execution unit comprising a plurality of pipelined
stages is then provided for executing the sequence of data
processing operations. Each data processing operation is
passed one after the other through the execution unit. Such
an approach enables vector processing to be achieved in a
data processing apparatus which is smaller, consumes less
power, and is cheaper, than conventional vector machines
which execute the constituent data processing operations of
a vector instruction in parallel.

One problem that arises when processing vector instruc-
tions in a data processing apparatus that employs an execu-
tion unit comprising a plurality of pipelined stages is that of
handling exceptions that may occur during the processing of
the vector instruction. Any of the scalar iterations in to
which the vector operation is decomposed could give rise to
an exception condition being detected. In such a situation,
provision needs to be made for handling such an exception
condition when it arises, in order to ensure that the vector
instruction is processed correctly.

One way to achieve this is to pass the entire vector
instruction to an exception processing tool for handling.
Whilst this ensures that an effective procedure is in place for
handling an exception occurring during processing of a
vector instruction, it effectively means that any time spent by
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2

the data processing apparatus in processing scalar iterations
of the vector instruction prior to detection of the exception
condition is wasted.

It is an object of the present invention to provide an
improved technique for handling exceptions occurring dur-
ing processing of vector instructions.

SUMMARY OF THE INVENTION

Viewed from the first aspect, the present invention pro-
vides a data processing apparatus comprising: an instruction
decoder for decoding a vector instruction representing a
sequence of data processing operations; an execution unit
comprising a plurality of pipelined stages for executing said
sequence of data processing operations; the execution unit
including exception determination logic for determining, as
each data processing operation enters a predetermined pipe-
lined stage, whether that data processing operation is an
exceptional operation matching predetermined exception
criteria, the execution unit being arranged to halt processing
of said exceptional operation; and an exception register for
storing exception attributes relating to said exceptional
operation, said exception attributes indicating which data
processing operation in said sequence has been determined
to be said exceptional operation; whereby the exception
attributes stored in the exception register can be provided to
an exception processing tool for use in handling said excep-
tional operation.

In accordance with the present invention, exception deter-
mination logic is provided for determining, as each data
processing operation enters a predetermined pipelined stage
of the execution unit, whether that data processing operation
is an exceptional operation matching predetermined excep-
tion criteria. The predetermined exception criteria can be
chosen dependent on the types of exceptions that the excep-
tion determination logic is looking for. Further, the prede-
termined exception criteria can be chosen so that the excep-
tion determination logic not only identifies data processing
operations that will definitely give rise to an exception
condition, but also those data processing operations that
potentially may give rise to an exception condition.

For example, a data processing operation involving a
divide-by-zero computation will always give rise to an
exception being detected. Further, exception conditions such
as overflow and underflow can be detected pessimistically
by reviewing the exponents of the data values to which the
data processing operation is applied. If these indicate that an
exception may occur, the exception determination logic
preferably identifies the data processing operation as an
exceptional operation. This approach allows for rapid
(single stage) and early detection of potential exceptional
conditions.

When the exception determination logic identifies an
exceptional operation, then in accordance with the present
invention the execution unit is arranged to halt processing of
the exceptional operation. Further, exception attributes relat-
ing to the exceptional operation are stored in an exception
register, these exception attributes indicating which data
processing operation in said sequence has been determined
to be said exceptional operation. By storing such exception
attributes in the exception register, it is possible for an
exception processing tool to be used to handle the specific
exceptional operation that has given rise to the exception
condition, rather than providing the entire vector instruction
for handling by the exception processing tool.

Typically, the data processing apparatus will be provided
with a register bank having a plurality of registers for storing
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data values required for execution of said sequence of data
processing operations derived from the vector instruction.
Since the data processing apparatus of the present invention
does not require the whole vector instruction to be handled
by an exception processing tool in the event of an exception
being detected, it is possible for the registers associated with
a particular data processing operation in the sequence to be
quickly released for use by subsequent instructions, rather
than having to ensure that those registers are “locked” until
the entire vector instruction has completed. For example, in
preferred embodiments, the source registers are released as
soon as the data values in those registers have been read.
Hence, the present invention allows reduced resource lock-
ing to be accommodated.

In preferred embodiments, the data processing apparatus
further comprises a register bank having a plurality of
registers for storing data values used for said sequence of
data processing operations, said exception attributes includ-
ing first data identifying the registers containing the data
values to be used for the exceptional operation. By this
approach, the speed of operation of the exception processing
tool can be improved, since the exception processing tool is
provided directly with the registers containing the data
values required to handle the exceptional operation, rather
than having to derive those registers separately, as would be
required if the exception attributes only identified the origi-
nal registers specified in the vector instruction.

Further, in preferred embodiments, the exception
attributes include second data providing an indication of the
location of the exceptional operation within the sequence of
data processing operations. Preferably, the second data iden-
tifies the number of data processing operations that follow
the exceptional operation in the sequence. As will be dis-
cussed in more detail later, this enables an exception pro-
cessing tool having access to the exception attributes to
determine how many further data processing operations
need to be executed after the exceptional operation has been
handled in order to complete the vector instruction. In an
alternative embodiment, the second data identifies the loca-
tion of the exceptional operation from the beginning of the
sequence of data processing operations. Since the data
processing apparatus will typically record the vector length,
i.e. the number of data processing operations defined by the
vector instruction, this information still enables an exception
processing tool to determine the number of data processing
operations that need to be completed subsequent to the
handling of the exceptional operation in order to complete
the vector instruction.

It will be apparent that the exception processing tool may
be provided as part of the data processing apparatus, or
alternatively can be provided separately. In preferred
embodiments, the data processing apparatus has an excep-
tion processing tool provided for receiving the exception
attributes from the exception register, and for applying one
or more predetermined operations to generate a result for the
exceptional operation.

It will be appreciated by those skilled in the art that there
are many ways in which the exception processing tool could
be invoked upon detection of the exceptional operation. For
example, the data processing apparatus could issue an
exception signal as soon as the exceptional operation is
detected by the exception determination logic, in order to
cause the exception processing tool to be invoked. However,
in preferred embodiments, upon detection of the exceptional
operation, the data processing apparatus issues an exception
signal when a subsequent instruction is received by the
instruction decoder, the exception signal causing the excep-
tion processing tool to be invoked.
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In preferred embodiments, said exception attributes
include second data providing an indication of the location
of the exceptional operation within the sequence of data
processing operations, and the exception processing tool is
arranged to generate a new vector instruction representing
the data processing operations that follow the exceptional
operation in said sequence. Preferably, the exception pro-
cessing tool is then arranged to issue the new vector instruc-
tion to the instruction decoder for execution by the execution
unit. Further, in such embodiments, if a data processing
operation represented by the new vector instruction is deter-
mined to be an exceptional operation by the exception
determination logic, then preferably the exception attributes
relating to that exceptional operation are stored in the
exception register, and the exception processing tool is
arranged to receive the exception attributes from the excep-
tion register, and to apply one or more predetermined
operations to generate a result for that exceptional operation.

By this approach, the exception processing tool effec-
tively retains control for the completion of the vector
instruction, but employs the execution unit as much as
possible to complete the sequence of data processing opera-
tions. Only those data processing operations in the sequence
that are determined to be an exceptional operation are
handled directly by the exception processing tool (i.e. by
applying one or more predetermined operations to generate
a result for such exceptional operations).

In an alternative embodiment, the exception processing
tool is arranged to determine from the exception attributes
the data processing operations that follow the exceptional
operation in said sequence, and to apply predetermined
operations to generate results for those data processing
operations. In this embodiment, upon detection of an excep-
tional operation by the exception determination logic, that
exceptional operation, and all subsequent data processing
operations in the sequence are handled by the exception
processing tool directly, and upon completion, control is
passed back to the instruction decoder and execution unit for
the processing of subsequent instructions.

It will be apparent that the predetermined pipelined stage
at which the exception determination logic monitors data
processing operations can be selected as appropriate. For
example, if the processing that is performed in the first two
stages of a pipeline can never give rise to an exception, then
it may be appropriate to arrange the exception determination
logic to review each data processing operation as it enters
the third pipelined stage. However, in preferred
embodiments, the predetermined pipelined stage is the first
pipelined stage, and on detection of said exceptional
operation, no data processing operations that follow said
exceptional operation in said sequence are received by the
execution unit. This ensures that all of the exception types
being monitored are identified prior to the exception con-
dition actually arising. Further, it avoids the additional
complexity of handling subsequent data processing opera-
tions that may otherwise have entered the pipelined execu-
tion unit prior to detection of the exceptional operation.

In preferred embodiments, the execution unit is arranged
to complete execution of any data processing operations
preceding the exceptional operation in the sequence. Since
the exception determination logic will have determined that
these data processing operations are not exceptional
operations, then it is appropriate to allow these data pro-
cessing operations to continue through the various pipelined
stages of the execution unit.

Viewed from a second aspect, the present invention
provides a method of processing vector instructions, com-
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prising the steps of: decoding a vector instruction represent-
ing a sequence of data processing operations; executing said
sequence of data processing operations in an execution unit
comprising a plurality of pipelined stages; determining, as
each instruction enters a predetermined pipelined stage,
whether that data processing operation is an exceptional
operation matching predetermined exception criteria; halt-
ing processing of said exceptional operation; and storing in
an exception register exception attributes relating to said
exceptional operation, said exception attributes indicating
which data processing operation in said sequence has been
determined to be said exceptional operation; whereby the
exception attributes stored in the exception register can be
provided to an exception processing tool for use in handling
said exceptional operation.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will be described further, by way of
example only, with reference to preferred embodiments
thereof as illustrated in the accompanying drawings, in
which:

FIG. 1 schematically illustrates a data processing system;

FIG. 2 illustrates a floating point unit supporting both
scalar and vector registers;

FIG. 3 is a flow diagram illustrating how, for single
precision operation, it is determined whether a given register
iS a vector or scalar register;

FIG. 4 is a flow diagram illustrating how, for double
precision operation, it is determined whether a given register
is a vector or a scalar;

FIG. § illustrates the division of the register bank into
subsets with wrapping within each subset during single
precision operation;

FIG. 6 illustrates the division of the register bank into
subsets with wrapping within each subset during double
precision operation;

FIGS. 7A to 7C illustrate a main processor view of a
coprocessor instruction, a single and double precision copro-
cessor view of the coprocessor instruction and a single
precision coprocessor view of the coprocessor instruction
respectively;

FIG. 8 illustrates a main processor controlling a single and
double precision coprocessor;

FIG. 9 illustrates the main processor controlling a single
precision coprocessor;

FIG. 10 illustrates the circuit within the single and double
precision coprocessor that determines whether an accept
signal should be returned to the main processor for a
received coprocessor instruction;

FIG. 11 illustrates the circuit within the single precision
coprocessor that determines whether an accept signal should
be returned to the main processor for a received coprocessor
instruction;

FIG. 12 illustrates undefined instruction exception han-
dling within the main processor;

FIG. 13 is a block diagram illustrating elements of a
coprocessor in accordance with preferred embodiments of
the present invention;

FIG. 14 is a flow diagram illustrating operation of the
register control and instruction issue logic in accordance
with preferred embodiments of the present invention;

FIG. 15 provides an example of the contents of the
floating point register in accordance with preferred embodi-
ments of the present invention;
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FIG. 16 illustrates those elements of the data processing
apparatus used in preferred embodiments to process a vector
instruction;

FIGS. 17A, 17B and 17C illustrate how, in accordance
with preferred embodiments of the present invention, the
data processing operations defined by a vector instruction
are passed through the execution unit, and FIG. 17C further
illustrates the contents of the exception register upon detec-
tion of an exceptional operation;

FIG. 18 is a block diagram providing an example of an
execution unit having a number of pipelined stages that may
be employed in a data processing apparatus of preferred
embodiments of the present invention; and

FIGS. 19A and 19B are flow diagrams illustrating the
steps performed by the exception processing tool in order to
handle exceptions occurring during processing of a vector
instruction in accordance with preferred embodiments of the
present invention.

DESCRIPTION OF A PREFERRED
EMBODIMENT

In the following description, Section 1 describes a data
processing system in which the preferred embodiment of the
present invention may be employed, whilst Section 2
describes the elements incorporated into the data processing
system of Section 1 in accordance with preferred embodi-
ments to handle exceptions occurring during execution of a
sequence of data processing operations representing a vector
instruction.

Section 1

FIG. 1 illustrates a data processing system 22 comprising
a main processor 24, a floating point unit coprocessor 26, a
cache memory 28, a main memory 30 and an input/output
system 32. The main processor 24, the cache memory 28, the
main memory 30 and the input/output system 32 are linked
via a main bus 34. A coprocessor us 36 links the main
processor 24 to the floating point unit coprocessor 26.

In operation, the main processor 24 (also referred to as the
ARM core) executes a stream of data processing instructions
that control data processing operations of a general type
including interactions with the cache memory 28, the main
memory 30 and the input/output system 32. Embedded
within the stream of data processing instructions are copro-
cessor instructions. The main processor 24 recognises these
coprocessor instructions as being of a type that should be
executed by an attached coprocessor. Accordingly, the main
processor 24 issues these coprocessor instructions on the
coprocessor bus 36 from where they are received by any
attached coprocessors. In this case, the floating point unit
coprocessor 26 will accept and execute any received copro-
cessor instructions that it detects are intended for it. This
detection is via a coprocessor number field within the
coprocessor instruction.

FIG. 2 schematically illustrates the floating point unit
coprocessor 26 in more detail. The floating point unit
coprocessor 26 includes a register bank 38 that is formed of
32 32-bit registers (less shown in FIG. 2). These registers
can operate individually as single precision registers each
storing a 32-bit data value or as pairs that together store a
64-bit data value. Within the floating point unit coprocessor
26 there is provided a pipelined multiply accumulate unit 40
and a load store control unit 42. In appropriate
circumstances, the multiply accumulate unit 40 and the load
store control unit 42 can operate concurrently with the
multiply accumulate unit 40 performing arithmetic opera-
tions (that include multiply accumulate operations as well as
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other operations) upon data values within the register bank
38 whilst the load store control unit 42 transfers data values
not being used by the multiply accumulate unit 40 to and
from the floating point unit coprocessor 26 via the main
processor 24.

Within the floating point unit coprocessor 26, a copro-
cessor instruction that is accepted is latched within an
instruction register 44. The coprocessor instruction can in
this simplified view be considered to be formed of an opcode
portion followed by three register specifying fields R1, R2
and R3 (in fact these fields may be split and spread around
differently within a full instruction). These register specify-
ing fields R1, R2 and R3 respectively correspond to the
registers within the register bank 38 that serve as the
destination, first source and second source for the data
processing operation being performed. A vector control
register 46 (which may be part of a larger register serving
additional functions) stores a length value and a stride value
for the vector operations that may be performed by the
floating point unit coprocessor 26. The vector control reg-
ister 46 may be initialised and updated with length and stride
values in response to a vector control register load instruc-
tion. The vector length and stride values apply globally
within the floating point unit coprocessor 26 thereby allow-
ing these values to be dynamically altered on a global basis
without having to resort to self-modifying code.

A register control and instruction issue unit 48, the load
store control unit 42 and a vector control unit 50 can together
be considered to perform a main part of the role of instruc-
tion decoder. The register control and instruction issue unit
48 is responsive to the opcode and the three register speci-
fying fields R1, R2 and R3 and first outputs the initial
register access (address) signals to the register bank 38
without performing any decode upon the opcode or needing
to use the vector control unit 50. Having direct access to the
initial register values in this way assists in achieving a faster
implementation. If a vector register is specified, then the
vector control unit 50 serves to generate the necessary
sequence of register access signals using 3-bit incrementers
(adders) 52. The vector control unit 50 is responsive to the
length value and the stride value stored within the vector
control register 46 in performing its addressing of the
register bank 38. A register scoreboard 54 is provided to
perform register locking such that the pipelined multiply
accumulate unit 40 and concurrently operating load store
control unit 42 do not give rise to any data consistency
problems (the register scoreboard 54 may alternatively be
considered to be part of the register control and instruction
issue unit 48).

The opcode within the instruction register 44 specifies the
nature of the data processing operation to be performed (e.g.
whether the instruction is an add, subtract, multiply, divide,
load, store . . . etc.). This is independent of the vector or
scalar nature of the register being specified. This further
simplifies the instruction decoding and set-up of the multiply
accumulate unit 40. The first register specifying value R1
and the second register specifying value R2 together encode
the vector/scalar nature of the operation specified by the
opcode. The three common cases supported by the encoding
are S=S*S (e.g. basic random maths as generated by a C
compiler from a block of C code), V=V op S (e.g. to scale
the elements of a vector) and V=V op V (e.g. matrix
operations such as FIR filters and graphics transformations)
(note that in this context a “op” indicates a general operation
and the syntax is of the form destination=second operand op
first operand). It should also be understood that some
instructions (e.g. a compare, a compare with zero or an
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absolute value) may have no destination registers (e.g.
outputs are the condition flags) or fewer input operands (a
compare with zero has only one input operand). In these
cases there is more opcode bit space available to specify
options such as vector/scalar nature and the full range of
registers could be made available for each operand (e.g.
compares may always be fully scalar whatever the register).

The register control and instruction issue unit 48 and the
vector control unit 50 that together perform the main part of
the role of instruction decoder are responsive to the first
register specifying field R1 and the second register speci-
fying field R2 to determine and then control the vector/scalar
nature of the data processing operation specified. It will be
noted that if the length value stored within the vector control
register 46 indicates a length of one (corresponding to a
stored value of zero), then this can be used as an early
indication of a purely scalar operation.

FIG. 3 shows a flow diagram indicating the processing
logic used to decode the vector/scalar nature from the
register specifying values in single precision mode. At step
56 a test is made as to whether the vector length is globally
set as one (length value equals zero). If the vector length is
one, then all registers are treated as scalars in step 58. At step
60, a test is made as to whether the destination register R1
is within the range SO to S7. If this is the case, then the
operation is all scalar and is of the form S=S op S, as is
indicated in step 62. If step 60 returns a no, then the
destination is determined to be a vector, as indicated at step
64. If the destination is a vector, then the encoding takes the
second operand as also being a vector. Accordingly, the two
possibilities remaining at this stage are V=V op S and V=V
op V. These to options are distinguished between by the test
at step 66 that determines whether the first operand is one of
S0 to S7. If this is the case, then the operation is V=V op S,
else the operation is V=V op V. These states are recognised
in steps 68 and 70 respectively.

It should be noticed that when the vector length is set to
one, then all of the 32 registers of the register bank 38 are
available to be used as scalars since the scalar nature of the
operation will be recognised at step 58 without having to
rely upon the test of step 60 that does limit the range of
registers that may be used for the destination. The test of step
60 is useful in recognising an all scalar operation when
mixed vector and scalar instructions are being used. It will
also be noticed that when operating in a mixed vector and
scalar mode, if the first operand is a scalar, then it may be
any of S0 to S7, whilst if the first operand is a vector, then
it may be any of S8 to S31. Providing three times the number
of registers to be available within the register bank for the
first operand being a vector is an adaptation to the generally
greater number of registers needed to hold sequences of data
values when using vector operations.

It will be appreciated that a common operation one may
wish to perform is a graphics transformation. In the general
case, the transformation to be performed may be represented
by a 4*4 matrix. The operand reuse in such calculations
means that it is desirable that the matrix values be stored in
registers that may be manipulated as vectors. In the same
way, an input pixel value is usually stored in 4 registers that
again should be able to be manipulated as a vector to aid
reuse. The output of the matrix operation will usually be
scalars (accumulating the separate vector line multiplies)
stored in 4 registers. If it is desired to double pump the input
and output values, then you arrive at a requirement for 24
(16+4+4) vector registers and 8 (4+4) scalar registers.

FIG. 4 is a flow diagram corresponding to that of FIG. 3,
but in this case illustrating double precision mode. As
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previously mentioned, in double precision mode the register
slots within the register bank 38 act as pairs to store 16 64-bit
data values in logical registers DO to D15. In this case, the
encoding of the vector/scalar nature of the registers is
modified from that of FIG. 3 in that the tests of steps 60 and
66 now become “Is the destination one of DO to D3?” and
“Is the first operand one of DO to D3?” at steps 72 and 74
respectively.

Whilst encoding the vector/scalar nature of the registers
within the register specifying fields as described above
provides a significant saving in instruction bit space, it does
cause some difficulties for non-commutative operations such
as subtract and division. Given the register configuration
V=V op S, the lack of symmetry between the first and
second operands for non-commutative operations can be
overcome without additional instructions swapping register
values by extending the instruction set to include pairs of
opcodes such as SUB, RSUB and DIV, RDIV that represent
the two different operand options for non-commutative
operations.

FIG. § illustrates the wrapping of vectors within subsets
of the register bank 38. In particular, in single precision
mode the register bank is split into 4 ranges of registers with
addresses S0 to S7, S8 to S15, S16 to S23 and S24 to S31.
These ranges are disjoint and contiguous. Referring to FIG.
2, the wrapping function for these subsets containing eight
registers may be provided by employing 3-bit incrementers
(adders) 52 within the vector control unit 50. In this way,
when a subset boundary is crossed, the incrementers will
wrap back. This simple implementation is facilitated by the
alignment of the subsets on eight word boundaries within the
register address space.

Returning to FIG. 5, a number of vector operations are
illustrated to assist understanding of the wrapping of the
registers. The first vector operation specifies a start register
S2, a vector length of 4 (indicated by a length value within
the vector control register 46 of 3) and a stride of one
(indicated by a stride value within the vector control register
46 of zero). Accordingly, when an instruction is executed
that is decoded to refer to register S2 as a vector with these
global vector control parameters set, then the instruction will
be executed 4 times respectively using the data values within
the registers S2, S3, S4 and S5. As this vector does not cross
a subset boundary, there is no vector wrapping.

In the second example, the starting register is S14, the
length is 6 and the stride is one. This will result in the
instruction being executed 6 times starting with register S14.
The next register used will be S15. When the register
increments by the stride again, then instead of the register
used being S16, it will wrap to be register S8. The instruc-
tion is then executed further 3 times to complete the full
sequence of S14, S15, S8, S§9, S10 and S11.

The final example of FIG. § shows a starting register of
S25, a length of 8 and a stride of 2. The first register used
will be S25 and this will be followed by S27, S29 and S31
in accordance with the stride value of 2. Following the use
of register S31, the next register value will wrap back to the
start of the subset, pass over register S24 in view of the stride
of 2, and execute the operation using register S25. The
incrementers 52 can take the form of 3-bit adders that add
the stride to the current value when moving between vector
registers. Accordingly, the stride can be adjusted by supply-
ing a different stride value to the adder.

FIG. 6 illustrates the wrapping of the register bank 38
within double precision mode. In this mode, the subsets of
registers comprises D0 to D3, D4 to D7, D8 to D11 and D12
to D15. The minimum value input to the adder serving as the
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incrementer 52 in double precision mode will be
2—corresponding to a double precision stride of one. A
double precision stride of two will require an input of 4 to
the adder. The first example illustrated in FIG. 6 has a start
register of D0, a length of 4 and a stride one. This will result
in a vector register sequence of D0, D1, D2 and D3. As no
subset boundaries are crossed, there is no wrapping in this
example. In the second example, the start register is D15, the
length is 2 and the stride is 2. This results in a vector register
sequence of D15 and D13.

Referring to FIG. 2, it will be noted the load store control
unit 42 has a 5-bit incrementer at its output and that
load/store multiple operations are not subject to the register
wrapping applied to vector operations. This enables a single
load/store multiple instruction to access as many consecu-
tive registers as it requires.

An example of an operation that makes good use of this
wrapping arrangement is an FIR filter split into units of 4
signal values and 4 taps. If the syntax R§—R11 op R16-R19
represents the vector operations R8opR16, R9opR17,
R100pR18 and R110pR19, then the FIR filter operation may
be performed as:

Load 8 taps in R8—R15 and & signal values into R16—R23
R8-R110pR16-R19 and put results into R24-R27

R9-R120pR16-R19 and accumulate the results into
R24-R27

R10-R130pR16-R19 and accumulate the results into
R24-R27

R11-R140pR16-R19 and accumulate the results into
R24-R27

Reload R8-R11 with new taps

R12-R150pR16-R19 and accumulate the results into
R24-R27

R13-R80pR16-R19 and accumulate the results into
R24-R27 (R15>R8 wrap)

R14-R90pR16-R19 and accumulate the results into
R24-R27 (R15>R8 wrap)

R15-R100pR16-19 and accumulate the results into
R24-R27 (R15>R8 wrap)

Reload R12 to R15 with new taps

When out of taps, reload R16-R19 with new data

R12-R150pR20-R23 and put results in R28—R31

R13-R80pR20-R23 and accumulate results into
R28-R31 (R15>R8 wrap)

R14-R90pR20-R23 and accumulate results into
R28-R31 (R15>R8 wrap)

R15-R100pR20-R23 and accumulate results into

R28-R31 (R15>R8 wrap)

The rest as above.

It should be noted from the above that the loads are to
different registers from the multiple accumulates and so can
take place in parallel (i.e. achieves double buffering).

FIG. 7A schematically illustrates how the main processor
24 views a coprocessor instruction. The main processor uses
a bit combination of a field 76 (which may be split) within
the instruction to identify the instruction as a coprocessor
instruction. Within standard ARM processor instruction set,
a coprocessor instruction includes a coprocessor number
field 78 that the coprocessor(s) attached to the main proces-
sor use to identify if a particular coprocessor instruction is
targeted at them. Different types of coprocessor, such as a
DSP coprocessor (e.g. the Piccolo coprocessor produced by
ARM) or a floating point unit coprocessor, can be allocated
different coprocessor numbers and so separately addressed
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within a single system using the same coprocessor bus 36.
The coprocessor instructions also include an opcode that is
used by the coprocessor and three 5-bit fields respectively
specifying the destination, first operand and second operand
from among the coprocessor registers. In some instructions,
such as a coprocessor load or store, the main processor at
least partially decodes the coprocessor instruction such that
the coprocessor and main processor can together complete
the desired data processing operation. The main processor
may also be responsive to the data type encoded within the
coprocessor number as part of the instruction decode it
performs in such circumstances.

FIG. 7B illustrates how a coprocessor supporting both
double and single precision operations interprets a copro-
cessor instruction it receives. Such a coprocessor is allocated
two adjacent coprocessor numbers and uses the most sig-
nificant 3 bits of the coprocessor number to identify whether
it is the target coprocessor. In this way, the least significant
bit of the coprocessor number is redundant for the purpose
of identifying the target coprocessor and can instead be used
to specity the data type to be used in executing that copro-
cessor instruction. In this example, the data type corresponds
to the data size being either single or double precision.

It can be noted that whilst in double precision mode, the
number of registers is effectively reduced from 32 to 16.
Accordingly, it would be possible to decrease the register
field size, but in that case the decode of which register to use
would not be available directly from a self-contained field in
a known position within the coprocessor instruction and
would be dependent upon the decoding of other portions of
the coprocessor instruction. This would disadvantageously
complicate and possibly slow the operation of the copro-
cessor. Using the least significant bit of the coprocessor
number to encode the data type means that the opcode can
be completely independent of data type which also simpli-
fies and speeds its decode.

FIG. 7C illustrates how a coprocessor supporting only a
single data type that is a subset of the data types supported
by the FIG. 7B coprocessor interpreters the coprocessor
instructions. In this case, the full coprocessor number is used
to determine whether or not to accept the instruction. In this
way, if a coprocessor instruction is of a data type not
supported, then it corresponds to a different coprocessor
number and will not be accepted. The main processor 24 can
then fall back on undefined instruction exception handling to
emulate the operation on the unsupported data type.

FIG. 8 illustrates a data processing system comprising an
ARM core 80 serving as a main processor and communi-
cating via a coprocessor bus 82 with a coprocessor 84 that
supports both single and double precision data type. The
coprocessor instruction, including the coprocessor number,
is issued from the ARM core 80 on the coprocessor bus 82
when it is encountered within the instruction stream. The
coprocessor 84 then compares the coprocessor number with
its own numbers and if a match occurs issues an accept
signal back to the ARM core 80. If no accept signal is
received, then the ARM core recognises an undefined
instruction exception and refers to exception handling code
stored in the memory system 86.

FIG. 9 illustrates the system of FIG. 8 modified by
replacing the coprocessor 84 with a coprocessor 88 that
supports only single precision operations. In this case the
coprocessor 88 recognises only a single coprocessor num-
ber. Accordingly, double precision coprocessor instructions
within the original instruction stream that would be executed
by the coprocessor 84 of FIG. 8 are not accepted by the
single precision coprocessor 88. Thus, if it is desired to
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execute the same code, then the undefined exception han-
dling code within the memory system 86 can include a
double precision emulation routine.

It will be noted that whilst the need to emulate double
precision instructions will make the execution of these
instructions slow, the single precision coprocessor 88 can be
smaller and less expensive than the double precision equiva-
lent 84 and a net benefit gained if double position instruc-
tions are sufficiently rare.

FIG. 10 illustrates the instruction latch circuit within the
coprocessor 84 that supports both single and double preci-
sion instructions and has two adjacent coprocessor numbers.
In this case, the most significant 3 bits CP#[3:1] of the
coprocessor number within the coprocessor instruction are
compared with those allocated for that coprocessor 84. In
this example, if the coprocessor 84 has coprocessor numbers
10 and 11, then this comparison can be achieved by match-
ing the most significant the bits of the coprocessor number
CP#3:1] against binary 101. If a match occurs, then an
accept signal is returned to the ARM core 80 and the
coprocessor instruction is latched for execution.

FIG. 11 illustrates the equivalent circuit within the single
precision coprocessor 88 of FIG. 9. In this case only a single
coprocessor number will be recognised and single precision
operations used by default. The comparison made in deter-
mining whether to accept and latch the coprocessor instruc-
tion is between the full 4 bits of the coprocessor number
CP#3:0] and the single embedded coprocessor number of
binary 1010.

FIG. 12 is a flow illustrating how the undefined exception
handling routine of the FIG. 9 embodiment may be triggered
to run the double precision emulation code. This is achieved
by detecting (step 90) if the instruction that gave rise to the
undefined instruction exception is a coprocessor instruction
with a coprocessor number of binary 1011. If yes, then this
was intended as a double precision instruction and so can be
emulated at step 92 before returning to the main program
flow. Other exception types may be detected and handled by
further steps if not trapped by step 90.

FIG. 13 illustrates the use of a format register, FPREG
200, to store information identifying the type of data stored
in each 32-bit register, or data slot, of the register bank 220.
As mentioned earlier, each data slot can operate individually
as a single precision register for storing a 32-bit data value
(a data word), or can be paired with another data slot to
provide a double precision register for storing a 64-bit data
value (2 data words). In accordance with preferred embodi-
ments of the present invention, the FPREG register 200 is
arranged to identify whether any particular data slot has
single precision or double precision data stored therein.

As illustrated in FIG. 13, the 32 data slots in the register
bank 220 are arranged to provide 16 pairs of data slots. If a
first data slot has a single precision data value stored therein,
then in preferred embodiments the other data slot in that pair
will be arranged to only store a single precision data value,
and will not be linked with any other data slot in order to
store a double precision data value. This ensures that any
particular pair of data slots is arranged to store either two
single precision data values, or one double precision data
value. This information can be identified by a single bit of
information associated with each pair of data slots in the
register bank 220, and hence in preferred embodiments the
FPREG register 200 is arranged to store 16 bits of informa-
tion to identify the type of data stored in each pair of data
slots of the register bank 220. It will be appreciated that the
register FPREG 200 can hence be embodied as a 16-bit
register, or, for consistency with other registers within the
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FPU coprocessor 26, can be embodied as a 32-bit register
having 16 spare bits of information.

FIG. 15 illustrates six pairs of data slots within the register
bank 220, which can in accordance with preferred embodi-
ments be used to store six double precision data values or
twelve single precision data values. An example of data
which may be stored within these data slots is shown in FIG.
15, DH representing the 32 most significant bits of a double
precision data value, DL indicating the 32 lowest significant
bits of a double precision data value, and S representing a
single precision data value.

The corresponding entries within the FPREG register 200
in accordance with preferred embodiments of the present
invention are also illustrated in FIG. 15. In accordance with
the preferred embodiment, the value “1” is stored in the
FPREG register 200 to indicate that the associated pair of
data slots contains a double precision data value, and the
value “0” is used to indicate that at least one of the
corresponding pair of data slots contains a single precision
data value, or that both data slots are uninitialised. Hence, if
both data slots are uninitialised, if one of the data slots is
uninitialised and the other data slot in the pair contains a
single precision data value, or if both data slots in the pair
contain a single precision data value, then a logic “0” value
will be stored in the corresponding bit of the FPREG register
200.

As mentioned earlier, the FPU coprocessor 26 of pre-
ferred embodiments may be used to process either single
precision or double precision data values, and coprocessor
instructions issued by the main processor 24 will identify
whether any particular instruction is a single precision or a
double precision instruction (see FIG. 7B and associated
description). If an instruction is accepted by the coprocessor,
it will be passed to the register control and instruction issue
unit 48 for decoding and execution. If the instruction is a
load instruction, the register control and instruction issue
logic 48 will instruct the load store control unit 42 to retrieve
the identified data from memory, and to store that data in the
specified data slots of the register bank 220. At this stage, the
coprocessor will know whether single precision or double
precision data values are being retrieved, and the load store
control unit 42 will act accordingly. Hence, the load store
control logic 42 will either pass 32-bit single precision data
values, or 64-bit double precision data values, over path 225
to the register bank input logic 230 for storing in the register
bank 220.

In addition to the data being loaded by the load store
control unit 42 into the register bank 220, data is also
provided to the format register FPREG 200 to enable the
necessary bits of information to be added to identify whether
each pair of data slots receiving data is storing single
precision or double precision data. In preferred
embodiments, this data is stored in the format register
FPREG 200 before data is loaded into the register bank, so
that this information is available to the register bank input
logic 230.

In preferred embodiments, the internal format of the data
in the register bank 220 is the same as the external format,
and hence single precision data values are stored as 32-bit
data values, and double precision data values are stored as
64-bit data values within the register bank 220. Since the
register bank input logic 230 has access to the FPREG
format register 200, it knows whether the data it is receiving
is single or double precision, and so, in such an embodiment,
the register bank input logic 230 merely arranges the data
received over path 225 for storing in the appropriate data
slot(s) of the register bank 220. However, if in alternative
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embodiments, the internal representation within the register
bank is different to the external format, then the register
bank input logic 230 would be arranged to perform the
necessary conversion. For example, a number is typically
represented as 1.abc . . . multiplied by a base value raised to
the power of an exponent. For the sake of efficiency, typical
single and double precision representations do not use a data
bit to represent the 1 to the left of the decimal point, but
rather the 1 is taken as implied. If, for any reason, the
internal representation used within the register bank 220
required the 1 to be represented explicitly, then the register
bank input logic 230 would perform the necessary conver-
sion of the data. In such embodiments, the data slots would
typically be somewhat bigger than 32 bits in order to
accommodate the additional data generated by the register
bank input logic 230.

In addition to loading data values into the register bank
220, the load store control unit 42 may also load data into
one or more system registers of the coprocessor 26, for
example a user status and control register FPSCR 210. In
preferred embodiments, the FPSCR register 210 contains
user accessible configuration bits and exception status bits,
and is discussed in more detail in the architectural descrip-
tion of the floating point unit provided at the end of the
preferred embodiment description.

If the register control and instruction issue unit 48
receives a store instruction identifying particular data slots
in the register bank 220 whose contents are to be stored to
memory, then the load store control unit 42 is instructed
accordingly, and the necessary data words are read out from
the register bank 220 to the load store control unit 42 via the
register bank output logic 240. The register bank output
logic 240 has access to the FPREG register 200 contents in
order to determine whether the data being read out is single
or double precision data. It then applies appropriate data
conversion to reverse any data conversion applied by the
register bank input logic 230, and provides the data to the
load store control logic 42 over path 235.

In accordance with the preferred embodiments of the
present invention, if the store instruction is a double preci-
sion instruction, then the coprocessor 26 can be considered
to be operating in a second mode of operation where
instructions are applied to double precision data values.
Since double precision data values contain an even number
of data words, then any store instruction issued in the second
mode of operation would typically identify an even number
of data slots whose contents are to be stored to memory.
However, in accordance with preferred embodiments of the
present invention, if an odd number of data slots are
specified, then the load store control unit 42 is arranged to
read the contents of FPREG register 200 and to first store
those contents to memory prior to storing the identified even
number of data slots from the register bank 220. Typically
the data slots to be transferred are identified by a base
address identifying a particular data slot in the register bank,
followed by a number indicating the number of data slots
(i.e. number of data words), counting from the identified
data slot, that are to be stored.

Hence, if as an example, the store instruction gives as a
base address the first data slot in the register bank 220, and
specifies 33 data slots, this will cause the contents of all 32
data slots to be stored to memory, but, since the specified
number of data slots is odd, it will also cause the contents of
the FPREG register 200 to be stored to memory.

By this approach, a single instruction can be used to store
both the contents of the register bank to memory, and the
contents of the FPREG register 200 identifying the data
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types stored within the various data slots of the register bank
220. This avoids a separate instruction having to be issued
to explicitly store the contents of the FPREG register 200,
and hence does not so adversely affect the processing speed
during a store to memory or a load from memory process.

In further embodiments of the present invention, this
technique can be taken one stage further to enable additional
system registers, such as the FPSCR register 210, to also be
stored to memory, if required, using a single instruction.
Hence, considering the example of a register bank 220
having 32 data slots, then, as discussed earlier, if 33 data
slots are identified in the store instruction, then the FPREG
register 200 will be stored to memory in addition to the
contents of the 32 data slots in the register bank 220.
However, if a different odd number exceeding the number of
data slots in the register bank is identified, for example 35,
then this can be interpreted by the load store control unit 42
as a requirement to also store the contents of the FPSCR
register 210 to memory in addition to the contents of FPREG
register 200 and the data slots of the register bank 220. The
coprocessor may also include further system registers, for
example exception registers identifying exceptions that have
occurred during processing of instructions by the coproces-
sor. If a different odd number is identified in a store
instruction, for example 37, then this can be interpreted by
the load store control unit 42 as a requirement to additionally
store the contents of the one or more exception registers in
addition to the contents of the FPSCR register 210 the
FPREG register 200, and the register bank 220.

This technique is particularly useful when the code initi-
ating the store or load instruction is not aware of the register
bank content, and the register bank content is only tempo-
rarily stored to memory for subsequent retrieval into the
register bank. If the code were aware of the register bank
content, then it may not be necessary for the contents of
FPREG register 200 to also be stored to memory. Typical
examples of code which may be unaware of the register bank
content are context switch code and procedure call entry and
exit routines.

In such cases, the contents of the FPREG register 200 can
be efficiently stored to memory in addition to the contents of
the register bank, and indeed, as discussed above, certain
other system registers can also be stored as required.

Upon receipt of a subsequent load instruction, a similar
process is employed. Hence, the load store control unit 42,
upon receiving a double precision load instruction specify-
ing an odd number of data slots, will be arranged to cause
the contents of FPREG register 200 to be loaded into the
FPREG register 200, followed by the contents of any system
registers indicated by the number of slots identified in the
load instruction, followed by an even number of data words
to be stored in the specified data slots of the register bank
220. Hence, considering the earlier discussed example, if the
number of data slots specified in the load instruction is 33,
then the FPREG register contents will be loaded into the
FPREG register 200, followed by the contents of the 32 data
slots. Similarly, if the number of data slots specified in the
load instruction is 35, then the contents of the FPSCR
register 210 will also be loaded into the FPSCR register in
addition to the above mentioned contents. Finally, if the
number of data slots specified is 37, then the contents of any
exception registers will also be loaded into those exception
registers in addition to the above mentioned contents.
Clearly, it will be appreciated by those skilled in the art that
the particular actions associated with particular odd numbers
is entirely arbitrary, and can be varied as desired.

FIG. 14 is a flow diagram illustrating operation of the
register control and instruction issue logic 48 in accordance
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with preferred embodiments of the present invention when
executing store and load instructions. Firstly, at step 300, the
number of data words (which is identical to the number of
data slots in preferred embodiments) is read from the
instruction, along with the first register number, i.e. the base
register, identified in the instruction. Then, at step 310, it is
determined whether the instruction is a double precision
instruction, as mentioned previously this information being
available to the coprocessor at this stage since the instruction
identifies whether it is a double precision or a single preci-
sion instruction.

If the instruction is a double precision instruction, then the
process proceeds to step 320, where it is determined whether
the number of words specified in the instruction is odd.
Assuming for the sake of this embodiment that the technique
is not used to selectively transfer various system registers in
addition to the FPREG register 200, then if the number of
words is odd, this will indicate that the contents of the
FPREG register 200 should be transferred, and accordingly
at step 325, the contents of the FPREG register are trans-
ferred by the load store control unit 42. Then, the number of
words is decremented by 1 at step 327, and the process
proceeds to step 330. If, at step 320, the number of words
was determined to be even, then the process proceeds
directly to step 330.

At step 330, it is determined whether the number of words
is greater than zero. If not, then the instruction is deemed
completed, and the process exits at step 340. However, if the
number of words is greater than zero, then the process
proceeds to step 332, where a double precision data value
(i.e. the contents of two data slots) is transferred to or from
the first specified register number. Then, at step 334, the
number of words is decremented by 2, and at step 336, the
register number is incremented by 1. As discussed earlier,
for a double precision instruction, a register actually consists
of two data slots, and hence incrementing the register count
by one is equivalent to incrementing the data slot number by
2.

Then the procedure returns to step 330, where it is
determined whether the number of words is still greater than
zero, and if so the process is repeated. When the number of
words reaches zero, then the process is exited at step 340.

If at step 310, it was determined that the instruction was
not a double precision instruction, then the process proceeds
to step 350, where it is again determined whether the number
of words is greater than zero. If so, the process proceeds to
step 352, where a single precision data value is transferred
to or from the first register number identified in the instruc-
tion. Then, at step 354, the number of words is decremented
by one, and at step 356 the register number count is
incremented by one so as to point at the next data slot. Then
the process returns to step 350, where it is determined
whether the number of words is still greater than zero. If so,
the process is repeated, until such time as the number of
words is equal to zero, at which time the process is exited at
step 360.

The above approach provides a great deal of flexibility
when executing code which is unaware of the register bank
contents, for example context switch code or procedure call
entry and exit sequences. In these cases, the operating
system is not aware of the contents of the registers, and it is
desirable not to have to treat the registers differently, depen-
dent on their contents. The above approach allows these
code routines to be written with a single store or load
instruction specifying an odd number of data words. If the
coprocessor requires the use of the register content
information, it will interpret the odd number of data words
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in the instruction as a requirement to also store to memory
or load from memory the format information required to
identify the contents of the data in the register bank. This
flexibility removes the need for unique operating system
software to support coprocessors that require the register
content information.

This technique also removes the necessity for loading and
storing the register content information in a separate opera-
tion within the code. Since the option to load and store the
register content information is incorporated in the
instruction, no additional memory access is required. This
reduces the code length and potentially saves time.

An architectural description of a floating point unit incor-
porating the above described techniques is given below:

1. Introduction

The VFPv1 is a floating point system (FPS) architecture
designed to be implemented as a coprocessor for use with
ARM processor modules. Implementations of this architec-
ture may incorporate features in either hardware or software,
or an implementation may use software to complement the
functionality or provide IEEE 754 compatibility. This speci-
fication intends to achieve full IEEE 754 compatibility using
a combination of hardware and software support.

Two coprocessor numbers are used by VFPv1; 10 is used
for operations with single precision operands, while 11 is
used for operations with double precision operands. Con-
version between single and double precision data is accom-
plished with 2 conversion instructions which operate in the
source operand coprocessor space.

Features of the VFPv1 architecture include:

Full compatibility with IEEE 754 in hardware with sup-

port code.

32 single precision registers, each addressable as a source
operand or a destination register.

16 double precision registers, each addressable as a source
operand or a destination register. (Double precision
registers overlap physical single precision registers)

Vector mode provides for a significant increase in floating
point code density and concurrency with load and store
operations.

4 banks of 8 circulating single precision registers or 4
banks of 4 circulating double precision registers to
enhance dsp and graphics operations.

Denormal handling option selects between IEEE 754
compatibility (with intended support from the floating
point emulation package) or fast flush-to-zero capabil-
ity.

Intended for implementation with a fully pipelined
chained multiply-accumulate with IEEE 754 compat-
ible results.

Fast floating point to integer conversion for C, C++, and
Java with the FFTOSIZ instruction.

Implementers may choose to implement the VFPvl com-
pletely in hardware or utilize a combination of hardware and
support code. The VFPv1 may be implemented completely
in software.

2. Terminology

This specification uses the following terminology:
Automatic exception—An exceptional condition which will

always bounce to the support code regardless of the value

of the respective exception enable bit. The choice of
which, if any, exceptions are Automatic is an implemen-

tation option. See Section 0,

6. Exception Processing.
Bounce—An exception reported to the operating system
which will be handled by the support code entirely
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without calling user trap handlers or otherwise interrupt-
ing the normal flow of user code.

CDP—'Coprocessor Data Processing’ For the FPS, CDP
operations are arithmetic operations rather than load or
store operations.

ConvertToUnsignedInteger(Fm)—Conversion of the con-
tents in Fm to a unsigned 32-bit integer value. The result
is dependent on the rounding mode for final rounding and
handling of floating point values outside the range of a
32-bit unsigned integer. The INVALID exception is pos-
sible if the floating point input value is negative or too
large for a 32-bit unsigned integer.

ConvertToSignedInteger(Fm)—Conversion of the contents
in Fm to a signed 32-bit integer value. The result is
dependent on the rounding mode for final rounding and
handling of floating point values outside the range of a
32-bit signed integer. The INVALID exception is possible
if the floating point input value is too large for a 32-bit
signed integer.

ConvertUnsignedIntToSingle/Double(Rd)—Conversion of
the contents of an ARM register (Rd), interpreted as a
32-bit unsigned integer, to a single or double precision
floating point value. If the destination precision is single,
an INEXACT exception is possible in the conversion
operation.

ConvertSignedIntToSingle/Double(Rd)—Conversion of the
contents of an ARM register (Rd), interpreted as a 32-bit
signed integer, to a single or double precision floating
point value. If the destination precision is single, an
INEXACT exception is possible in the conversion opera-
tion.

Denormalized value—A representation of a value in the
range (-2°""<x<2®™™). In the IEEE 754 format for
single and double precision operands, a denormalized
value, or denormal, has a zero exponent and the leading
significand bit is O rather than 1. The IEEE 754-1985
specification requires that the generation and manipula-
tion of denormalized operands be performed with the
same precision as with normal operands.

Disabled exception—An exception which has its associated
Exception Enable bit in the FPCSR set to 0 is referred to
as ‘disabled.” For these exceptions the IEEE 754 specifi-
cation defines the correct result to be returned. An opera-
tion which generates an exception condition may bounce
to the support code to produce the IEEE 754 defined
result. The exception will not be reported to the user
exception handler

Enabled exception—An exception with the respective
exception enable bit set to 1. In the event of an occurrence
of this exception a trap to the user handler will be taken.
An operation which generates an exception condition may
bounce to the support code to produce the IEEE 754
defined result. The exception will then be reported to the
user exception handler.

Exponent—The component of a floating point number that
normally signifies the integer power to which two is
raised in determining the value of the represented number.
Occasionally the exponent is called the signed or unbiased
exponent.

Fraction—The field of the significand that lies to the right of
its implied binary point.

Flush-To-Zero Mode—In this mode all values in the range
(-2Fminex<2F™my after rounding are treated as zero,
rather than converted to a denormalized value.

High(Fn/Fm)—The upper 32 bits [63:32] of a double
precision value as represented in memory.

IEEE 754-1985—*“IEEE Standard for Binary Floating-Point
Arithmetic”, ANSI/IEEE Std 754-1985, The Institute of



US 6,304,963 B1

19

Electrical and Electronics Engineers, Inc. New York,
N.Y,, 10017. The standard, often referred to as the IEEE
754 standard, which defines data types, correct operation,
exception types and handling, and error bounds for float-
ing point systems. Most processors are built in compli-
ance with the standard in either hardware or a combina-
tion of hardware and software.

Infinity—An IEEE 754 special format used to represent .
The exponent will be maximum for the precision and the
significand will be all zeros.

Input exception—An exception condition in which one or
more of the operands for a given operation are not
supported by the hardware. The operation will bounce to
support code for completion of the operation.

Intermediate result—An internal format used to store the
result of a calculation before rounding. This format may
have a larger exponent field and significand field than the
destination format.

Low(Fn/Fm)—The lower 32 bits [31:0] of a double preci-
sion value as represented in memory.

MCR—*“Move to Coprocessor from ARM Register” For the
FPS this includes instructions which transfer data or
control registers between an ARM register and a FPS
register. Only 32 bits of information may be transferred
using a single MCR class instruction.

MRC—*“Move to ARM Register from Coprocessor” For the
FPS this includes instructions which transfer data or
control registers between the FPS and an ARM register.
Only 32 bits of information may be transferred using a
single MRC class instruction.

NaN—Not a number, a symbolic entity encoded in a floating
point format. There are two types of NaNs, signalling and
non-signalling, or quiet. Signalling NaNs will cause an
Invalid Operand exception if used as an operand. Quiet
NaNs propagate through almost every arithmetic opera-
tion without signalling exceptions. The format for a NaN
has the exponent field of all 1’s with the significand
non-zero. To represent a signalling NaN the most signifi-
cant bit of the fraction is zero, while a quiet NaN will have
the bit set to a one.

Reserved—A field in a control register or instruction format
is ‘reserved’ if the field is to be defined by the implemen-
tation or would produce UNPREDICTABLE results if the
contents of the field were not zero. These fields are
reserved for use in future extensions of the architecture or
are implementation specific. All Reserved bits not used by
the implementation must be written as zero and will be
read as zero.

Rounding Mode—The IEEE 754 specification requires all
calculations to be performed as if to an infinite precision,
that is, a multiply of two single precision values must
calculate accurately the significand to twice the number of
bits of the significand. To represent this value in the
destination precision rounding of the significand is often
required. The IEEE 754 standard specifies four rounding
modes—round to nearest (RN), round to zero, or chop
(RZ), round to plus infinity (RP), and round to minus
infinity (RM). The first is accomplished by rounding at the
half way point, with the tie case rounding up if it would
zero the Isb of the significand, making it ‘even.” The
second effectively chops any bits to the right of the
significand, always rounding down, and is used by the C,
C++, and Java languages in integer conversions. The later
two modes are used in interval arithmetic.

Significand—The component of a binary floating point
number that consists of an explicit or implicit leading bit
to the left of its implied binary point and a fraction field
to the right.
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Support Code—Software which must be used to comple-
ment the hardware to provide compatibility with the IEEE
754 standard. The support code is intended to have two
components: a library of routines which perform opera-
tions beyond the scope of the hardware, such as transcen-
dental computations, as well as supported functions, such
as divide with unsupported inputs or inputs which may
generate an exception; and a set of exception handlers
which process exceptional conditions in order to provide
IEEE 754 compliance. The support code is required to
perform implemented functions in order to emulate proper
handling of any unsupported data type or data represen-
tation (e.g., denormal values or decimal datatypes). The
routines may be written to utilize the FPS in their inter-
mediate calculations if care is taken to restore the users’
state at the exit of the routine.

Trap—An exceptional condition which has the respective
exception enable bit set in the FPSCR. The user’s trap
handler will be executed.

UNDEFINED—Indicates an instruction that generates an
undefined instruction trap. See the ARM Architectural
Reference Manual for more information on ARM excep-
tions.

UNPREDICTABLE—The result of an instruction or control
register field value that cannot be relied upon. UNPRE-
DICTABLE instructions or results must not represent
security holes, or halt or hang the processor, or any parts
of the system.

Unsupported Data—Specific data values which are not
processed by the hardware but bounced to the support
code for completion. These data may include infinities,
NaNs, denormal values, and zeros. An implementation is
free to select which of these values will be supported in
hardware fully or partially, or will require assistance from
support code to complete the operation. Any exception
resulting from processing unsupported data will be
trapped to user code if the corresponding exception enable
bit for the exception is set.

3. Register File

3.1 Introductory Notes

The architecture provides 32 single precision and 16
double precision registers, all individually addressable
within a fully defined 5-bit register index as source or
destination operands.

The 32 single precision registers are overlapped with the
16 double precision registers, i.e., a write of a double
precision data to D5 will overwrite the contents of S10 and
S11. It is the job of the compiler or the assembly language
programmer to be aware of register usage conflicts between
the use of a register as a single precision data storage and as
half of a double precision data storage in an overlapped
implementation. No hardware is provided to insure register
use is limited to one precision, and the result is UNPRE-
DICTABLE if this is violated.

VFPv1 provides access to these registers in a scalar mode,
in which one, two, or three operand registers are used to
produce a result which is written into a destination register,
or in vector mode, in which the operands specified refer to
a group of registers. VEPv1 supports vector operations for
up to eight elements in a single instructions for single
precision operands and up to 4 elements for double precision
operands.
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TABLE 1

LEN Bit Encodings

LEN Vector Length Encoding
000 Scalar

001 Vector length 2
010 Vector length 3

011 Vector length 4

100 Vector length 5

101 Vector length 6

110 Vector length 7

111 Vector length 8

Vector mode is enabled by writing a non-zero value to the
LEN field. If the LEN field contains 0, the FPS operates in
scalar mode, and the register fields are interpreted as
addressing 32 individual single precision registers or 16
double precision registers in a flat register model. If the LEN
field is non-zero, the FPS operates in vector mode, and the
register fields are as addressing vectors of registers. See
Table 1 for encoding of the LEN field.

A means of mixing scalar and vector operations without
changing the LEN field is available through the specification
of the destination register. Scalar operations may be speci-
fied while in vector mode if the destination register is in the
first bank of registers (S0-S7 or D0-D3). See Section 0 for
more information.

3.2 Single Precision Register Usage

If the LEN field in the FPSCR is 0, 32 single precision
registers are available numbered SO through S31. Any of the
registers may be used as a source or destination register.

Ilustration 1.
Single Precision Register Map

31 31 31 31 0
SO S8 S16 S24
S1 SO S17 S25
S2 S10 S18 S26
S3 S11 S19 S27
S4 S12 S20 S28
S5 S13 S21 529
S6 S14 S22 S30
S7 S15 S23 S31

The single precision (coprocessor 10) register map may be
drawn as shown in Illustration 1.

If the LEN field in the FPSCR is greater than O, the
register file behaves as 4 banks of 8 circulating registers, as
shown in [llustration 2. The first bank of vector registers, VO
through V7, overlap with scalar registers S0 through S7, and
are addressed as scalars or vectors according to the registers
selected for each operand. See Section 0, 3.4 Register
Usage, for more information.
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Ilustration 2. Circulating Single Precision Registers

l | l |
S0/VO0 S8/V8 S16/V16 S24/V24
S1/V1 SO/V9 S17/v17 S25/V25
S2/V2 510/V10 S18/V18 S26/V26
S3/V3 S11/V11 S19/V19 S27/V27
S4/v4 S12/V12 S20/V20 S28/V28
S5/V5s S13/V13 S521/v21 S29/V29
S6/V6 S14/V14 S22/V22 S30/V30
S7/V7 S15/V15 S23/V23 S31/V31

! ! ! !

For example, if the LEN in the FPSCR is set to 3, refer-
encing vector V10 will cause registers S10, S11, S12, and
S13 to be involved in a vector operation. Similarly, V22
would involve S22, S23, S16, and S17 in the operation.
When the register file is accessed in vector mode, the
register following V7 in order is VO0; similarly, V8 follows
V15, V16 follows V23, and V24 follows V31.

3.3 Double Precision Register Usage

If the LEN field in the FPSCR is 0, 16 double precision
scalar registers are available.

Ilustration 3.
Double Precision Register Map

63 063 0

DO D8

D1 D9

D2 D10
D3 D11
D4 D12
D5 D13
D6 D14
D7 D15

Any of the registers may be used as a source or destination
register. The register map may be drawn as shown in
INlustration 3.

If the LEN field in the FPSCR is greater than 0, 4 scalar
registers and 16 vector registers, in 4 banks of 4 circulating
registers, are available as shown in Illustration 4. The first
bank of vector registers, V0 through V3, overlap with scalar
registers DO through D3. The registers are addressed as
scalars or according to the registers selected for each oper-
and. See Section 0, 3.4 Register Usage, for more informa-
tion.
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Mlustration 4. Circulating Double Precision Registers

l l l l

DO/D0 D4/D4 D8/DS D12/D12
D1/D1 D5/DS D9/D% D13/D13
D2/D2 D6/D6 D10/D10 D14/D14
D3/D3 D7/D7 D11/D11 D15/D15

! ! ! !

As with the single precision examples in Section 0, the
double precision registers are circulating within the four
banks.
3.4 Register Usage

Three operations between scalars and vectors are sup-
ported: (OP, may be any of the two operand operations
supported by the floating point coprocessor; OP; may be any
of the three operand operations.)

For the following descriptions, the ‘first bank’ of the
register file is defined as registers SO0-S7 for single precision
operations and D0-D3 for double precision operations.

ScalarD=0P, ScalarA or ScalarD=ScalarA OP; ScalarB
or ScalarD=ScalarA*ScalarB+ScalarD

VectorD=0OP, ScalarA or VectorD=ScalarA OP; VectorB
or VectorD=ScalarA*VectorB+VectorD

VectorD=0P,, VectorA or VectorD=VectorA OP; VectorB
or VectorD=VectorA*VectorB+VectorD
3.4.1 Scalar Operations
Two conditions will cause the FPS to operate in scalar
mode:

1? The LEN field in the FPSCR is 0. Destination and
source registers may be any of the scalar registers, 0
through 31 for single precision operations and 0
through 15 for double precision operations. The opera-
tion will be performed only on the registers explicitly
specified in the instruction.

2?7 The destination register is in the first bank of the
register file. The source scalars may be any of the other
registers. This mode allows the intermixing of scalar
and vector operations without having to change the
LEN field in the FPSCR.

3.4.2 Operations Involving a Scalar and Vector Source with
a Vector Destination

To operate in this mode, the LEN field in the FPSCR is
greater than zero, and the destination register is not in the
first bank of the register file. The scalar source registers may
be any register in the first bank of the register file while any
of the remaining registers may be used for VectorB. Note
that the behaviour is UNPREDICTABLE if the source scalar
register is a member of VectorB or if VectorD overlaps
VectorB in less then LEN elements. Le., Vector D and
VectorB must be either the same vector or completely
distinct in all members. See the summary tables in Section
0.
3.4.3 Operations Involving Only Vector Data

To operate in this mode, the LEN field in the FPSCR is
greater than zero and the destination vector register is not in
the first bank of the register file. The individual elements of
the VectorA vector are combined with the corresponding
element in VectorB and written to VectorD. Any register not
in the first bank of the register file is available for Vector A,
while all vectors are available for VectorB. As in the second
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case, the behaviour is UNPREDICTABLE if the cither of the
source vectors and the destination vector overlap in less than
LEN elements. They must be identical or completely distinct
in all members. See the summary tables in Section 0.

Note that for the FMAC family of operations the desti-
nation register or vector is always the accumulate register or
vector.
3.4.4 Operation Summary Tables

The following tables present the register usage options for
single and double precision 2 and 3 operand instructions.
‘Any’ refers to availability of all registers in the precision for
the specified operand.

TABLE 2

Single Precision 3-Operand Register Usage

First ~ Second

LEN Destination Source Source
field Reg Reg Reg Operation Type

0 Any Any Any S=SopSorS=5S*S+S
non-0 0-7 Any Any S=SopSorS=5S*S+S
non-0 8-31 0-7 Any V=SopVorV=S*V+V
non-0 8-31 8-31 Any V=VopVorV=V*V4+V

TABLE 3

Single Precision 2-Operand Register Usage

LEN Destination Source
field Reg Reg Operation Type
0 Any Any S=opS
non-0 0-7 Any S=opS
non-0 8-31 0-7 V=opS
non-0 8-31 8-31 V=opV
TABLE 4

Double Precision 3-Operand Register Usage

First ~ Second

LEN Destination Source Source
field Reg Reg Reg Operation Type

0 Any Any Any S=SopSorS=5S*S+S
non-0 0-3 Any Any S=SopSorS=5S*S+S
non-0 4-15 0-3 Any V=SopVorV=S*V+V
non-0 4-15 4-15 Any V=VopVorV=V#* V4V

TABLE 5

Double Precision 2-Operand Register Usage

LEN Destination Source

field Reg Reg Operation Type
0 Any Any S=opS

non-0 0-3 Any S=opS

non-0 4-15 0-3 V=op$S

non-0 4-15 4-15 V=opV

4. Instruction Set
FPS instructions may be divided into three categories:
MCR and MRC—Transfer operations between the ARM
and the FPS
LDC and STC—Load and store operations between the
FPS and memory
CDP—Data processing operations
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4.1 Instruction Concurrency

The intent of the FPS architectural specification is con-
currency on two levels: pipelined functional units and par-
allel load/store operation with CDP functions. A significant
performance gain is available by supporting load and store
operations which do not have register dependencies with
currently processing operations to execute in parallel with
these operations.
4.2 Instruction Serialization

The FPS specifies a single instruction that causes the FPS

26
4 bits are contained in the Fn, Fm, and Fd fields. The N, M,
and D bits must contain O when the corresponding operand
field contains an operand address.

4.5 MCR (Move to Coprocessor from ARM Register)

The MCR operations involve the transfer or use of data in
ARM registers by the FPS. This includes moving data in
single precision format from an ARM register or in double

to busy-wait the ARM until all currently executing instruc- 10 precision format from a pair of ARM registers to an FPS
tions have completed and the exception status of each is ster. loadi coned oned int lue f
known. If an exception is pending, the serializing instruction register, loading a signed or unsigned Integer value rom an
will be aborted and exception processing will begin in the ARM register to a single precision FPS register, and loading
ARM. The serializing instructions in the FPS is: a control register with the contents of an ARM register.
FMOVX—read or write to a floating point system register ) o )
Any read or write to a floating point system register will The format for an MCR instruction is given in [llustration
be stalled until the current instructions have completed. An 5.
Illustration 5.
MCR Instruction Format
31 28 27 24 23 21 20 19 16
| COND | 1110 | Opcode | 0 | Fn |
15 12 11 8§ 7 6 5 4 3 0
| Rd | 1018 |N|R|R|1| Reserved |
FMOVX to the System ID Register (FPSID) will trigger an 3
exception caused by the preceding floating point instruction. TABLE 6
Performing a read/modify/write (using FMOVX) on the
User Status and Control Register (FPSCR) can be used to MCR Bit Field Definitions.
clear the exception status bits (FPSCR[4:0]). .
4.3 Conversion Involving Integer Data Bit .
. . . . . 35 Field Definition
The conversion between floating point and integer data is
a two step process in the FPS made up of a data transfer Opcode 3-bit operation code (See Table 7)
instruction involving the integer data and a CDP instruction Rd ARM Source register encoding
performing the conversion. If any arithmetic operation is S Operation operand size.
attempted on the integer data in the FPS register while in 0 - Single precision operands
integer format the results are UNPREDICTABLE and any “0 1 - Double precision operands
such operation should be avoided. N SDm%e f;_remsm_l E’pelraglons'
4.3.1 Conversion of Integer Data to Floating Point Data in Des ration fegister 56
. ouble precision operations:
a FPS Reglster . . . . Must be set to 0 or the operation is
Integer data may be loaded into a floating point single UNDEFINED
precision register from either an ARM register, using a MCR 45 System register moves
FMOVS instruction. The integer data in the FPS register Reserved
may then be converted into a single or double precision Fn Single precision operations:
floating point value with the integer-to-float family of opera- Destination register address upper 4 bits
tions and written to a destination FPS register. The destina- Double precision operations:
. . . ; . Destination register address
tion register may be the source register if the integer value s, . )
i longer needed. The integer may be a signed or unsigned System register moves:
1S no. S N : g y g g 0000 - FPID (Coprocessor ID number)
32-bit quannt}." . . . . 0001 - FPSCR (User Status and Control Register)
4.3.2 Conversion of Floating Point Data in an FPS Register 0100 - FPREG (Register File Content Register)
to Integer Data Other register encodings are Reserved and may be
A value in a FPS single or double precision register may < different on various implementations.
be converted to signed or unsigned 32-bit integer format R Reserved bits
with the float-to-integer family of instructions. The resulting
integer is placed in the destination single precision register.
The integer data may be stored to an ARM register using the TABLE 7
MRC FMOVS instruction.
4.4 Rengt.er File Ad(.ireS.Sng. . . 60 MCR Opcode Field Definition
Instructions operating in single precision space (S=0) will
use the 5 bits available in the instruction field for operand Opcode
access. The upper 4 bits are contained in the operand fields Field Name Operation
1ab.elled Fn, Fm, or Fd; thf.: least significant bit of the address 000 FMOVS  Fn = Rd (32 bits, coprocessor 10)
is in N, M, or D, respectively. 65 000 FMOVLD Low(Fn) = Rd (Double precision low 32

Instructions operating in double precision space (S=1)
will use only the upper 4 bits of the operand address. These

bits, coprocessor 11)
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TABLE 7-continued

MCR Opcode Field Definition

Opcode
Field Name Operation
001 FMOVHD High(Fn) = Rd
(Double precision high 32 bits, coprocessor 11)
010-110  Reserved
111 FMOVX  System Reg = Rd (coprocessor 10 space)

Note: Only 32-bit data operations are supported by
FMOV[S, HD, LD] instructions.

Only the data in the ARM register or single precision
register is moved by the FMOVS operation. To transfer a
double precision operand from 2 ARM registers the
FMOVLD and FMOVHD instructions will move the lower
half and the upper half, respectively.

10

15

28

TABLE 8-continued

MRC Bit Field Definitions

Bit

Field Definition
0000 - FPID (Coprocessor ID number)
0001 - FPSCR (User Status and Control Register)
0100 - FPREG (Register File Content Register)
Other register encodings are Reserved and may
be different on various implementations.

Fm Reserved

R Reserved

*For the FMOVX FPSCR instruction, if the Rd field contains R15 (1111),
the upper 4 bits of the CPSR will be updated with the resulting condition
codes.

. TABLE 9
4.6 MRC (Move to ARM Register from Coprocessor/ 29
Compare Floating Registers) MRC Opcode Field Definition
The MRC operations involve the transfer of data in an
FPS register to an ARM register. This includes moving a Opcode .
; . K Field Name Operation
single precision value or the result of a conversion of a ’s
. . . . 000 FMOVS  Rd = Fn (32 bits, coprocessor 10)
ﬂoat.m.g point Valu.e to integer to an ARM register or a d.ou.ble 000 FMOVID Rd = Low(Fn) Lower 32 bits of Dn are
precision FPS register to two ARM registers, and modifying transferred. (Double precision low 32 bits,
the status bits of the CPSR with the results of a previous coprocessor 11)
floati int i 001 FMOVHD Rd = High(Fn) Upper 32 bits of Dn are
oating point compare oper.a 101. . . . transferred. (Double precision high 32 bits,
The format of the MRC instruction is shown in Illustra- 30 coprocessor 11)
tion 6.
Illustration 6.
MRC Instruction Format
31 28 27 24 23 21 20 19 16
| COND | 1110 | Opcode | 1 | Fn |
15 12 11 8 7 6 5 4 3 0
| Rd | 1018 |N|R|M|1| Reserved |
4 TABLE 9-continued
TABLE 8 MRC Opcode Field Definition
MRC Bit Field Definitions Opcode
Field Name Operation
Bit 50
Field Definition 010-110 Reserved
111 FMOVX Rd = System Reg
Opcode 3-bit FPS operation code (See Table 9)
Rd ARM destination* register encoding Note: See the Note for MCR FMOV instruction.

S Operation operand size.

0 - Single precision operands

1 - Double precision operands

Single precision operations:

Destination register Isb

Double precision operations:

Must be set to 0 or operation is UNDEFINED
System register moves

Reserved

Reserved

Single precision operations:

Destination register address upper 4 bits
Double precision operations:
Destination register address

System register moves:

Fn

55

60
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4.7 LDC/STC (Load/Store FPS Registers)

LDC and STC operations transfer data between the FPS
and memory. Floating point data may be transferred in either
precision in a single data transfer or in multiple data
transfers, with the ARM address register updated or left
unaffected. Both full descending stack and empty ascending
stack structures are supported, as well as multiple operand
access to data structures in the move multiple operations.
See Table 11 for a description of the various options for LDC
and STC.

The format of the LDC and STC instructions is shown in
INlustration 7.
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Ilustration 7.
LDC/STC Instruction Format

30

31 28 27 25 24 23 22 21 20 19 16
| COND | 110 |P|U|D|W|L| Rn |
15 12 11 8 7 0
| Fd | 1018 | Offset/Transfer No. |
TABLE 10 TABLE 11-continued
LDC/STC Bit Field Definitions 15 Load and Store Addressing Mode Options
Bit Offset/
Field Definition Transfer ~ Addressing
P W No. Mode Name
P Pre/Post Indexing (O=post, 1=pre)
U Up/Down bit (O=down, 1=up) 20 registers  list> Multiple
D Single precision operations: to transfer FSTM<cond><S/D>Rn, <register
Source/Destination register 1sb list>
Double precision operations: Load/store multiple registers from a starting address in Rn and no
Must be set to 0 modification of Rn. The number of registers may be 1 to 16 for single
w Write-back bit (0=no writeback, 1=writeback) precision, 1 to 8 for double precision. The offset field contains the number
L Direction bit (O=store, 1=load) 25 of 32-bit transfers. This mode may be used to load a transform matrix for
Rn ARM Base register encoding graphics operations and a point for the transform.
Fd Single precision operations: Examples:
Source/Destination register address upper 4 bits FLDMEQS r12, {f8—f11} ; loads 4 single from the address in r12 to 4 fp
Double precision operations: registers s8, 89, s10, and r12 is unchanged
Source/Destination register address FSTMEQD r4, {f0} ; stores one double from dO to the address in r4.
S Operation operand size. 30 r4 is unchanged.

0 - Single precision operands
1 - Double precision operands

Offset/ Unsigned 8-bit offset or number of single
Transfer precision (double the count of double
No. precision registers) registers to transfer for

FLDM(IA/DB) and FSTM(IA/DB). The
maximum number of words in a transfer is 16,
allowing for 16 single precision values or 8
double precision values.

4.7.1 General Notes for Load and Store Operations

Loading and storing multiple registers will do so linearly
through the register file without wrapping across 4 or 8
register boundaries used by the vector operations.

Attempting to load past the end of the register file is
UNPREDICTABLE.

If the offset for a double load or store multiple contains an
odd register count 17 or less, the implementation may write
another 32-bit data item or read another 32-bit data item, but
is not required to do so. This additional data item may be
used to identify the contents of the registers as they are
loaded or stored. This is useful in implementations in which
the register file format is different from the IEEE 754 format
for the precision and each register has type information
which is required to identify it in memory. If the offset is odd
and the number is greater than the number of single preci-
sion registers, this may be used to initiate a context switch
of the registers and all the system registers.

TABLE 11
Load and Store Addressing Mode Options
Offset/
Transfer ~ Addressing
P W No. Mode Name
Type O Transfer: Load/Store multiple with no writeback
0 0 Number of FLDM<cond><S/D> Run, <register Load/Store
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Type 1 Transfer: Load/Store multiple with post-index of Rn and writeback
0 1 Number of FLDM<cond>IA<S/D> Ra!, Load/Store
registers  <register list> Multiple
to transfer FSTM<cond>[A<S/D> Rn!,
<register list>
Load/Store multiple registers from a starting address in Rn and writeback
of the next address after the last transfer to Rn. The offset field is the
number of 32-bit transfers. The writeback to Rn is Offset*4. The
maximum number of words transferred in a load multiple is 16. The U bit
must be set to 1. This is used for storing into an empty ascending stack or
loading from a full descending stack, or storing a transformed point and
incrementing the pointer to the next point, and for loading and storing
multiple data in a filter operation.
Example:
FLDMEQIAS r13!, {f12-f15} ; loads 4 singles from the address in r13
to 4 fp registers s12,s13,s14, and s15, updating
r13 with the address pointing to the next data
the series.
Type 2 Transfer: Load/Store one register with pre-index or Rn and no
writeback

1 0 Offset FLD<cond><S/D>[Rn, #+/- Load/Store
offset], Fd with Offset
FST<cond><S/D>[Rn, #+/-offset],

Fd

Load/Store single register with pre-increment of the address in Rn and no

writeback. The offset value is Offset*4, and is added (U=1) or subtracted

(U=0) from Rn to generate the address. This is useful for operand access

into a structure and is the typical method used to access memory for

floating point data.

Example:

FSTEQD f4, [18, #+8] ; Stores a double to d4 from the address in 18 offset
by 32 (8 * 4) bytes. r8 is unchanged.

Type 3 Transfer: Load/Store multiple registers with pre-index and

writeback

1 1 Number of FLDM<cond>DB<S/D> Rn!, Load/Store
registers  <register list> Multiple with
to transfer FSTM<cond>DB<S/D> Rn!, Pre-

<register list> Decrement

Load/Store multiple registers with pre-decrement of the address in Rn and
writeback of the new target address to Rn. The offset field contains the
number of 32-bit transfers. The writeback value is the Offset*4, subtracted
(U=0) from Rn. This mode is used for storing to a full descending stack
or

loading from an empty ascending stack.

Example:
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TABLE 11-continued

Load and Store Addressing Mode Options

Offset/
Transfer ~ Addressing
P W No. Mode Name

FSTMEQDBS 19!,{f27-{29} ; store 3 singles from 827, 28, and s29 to a
full descending stack with the last entry address

32

FPS register, using the current rounding mode in the FPSCR.
FFTOSI[S/D] performs the conversion to a signed integer.
FFTOUIZ[S/D] and FFTOSIZ[S/D] perform the same func-
tions but override the FPSCR rounding mode for the con-
version and truncates any fraction bits. The functionality of
FFTOSIZ[S/D] is required by C, C++, and Java in float to
integer conversions. The FFTOSIZ[S/D] instructions pro-
vide this capability without requiring adjustment of the

contained in 19. 19 is updated to point to the new 10 rounding mode bits in the FPSCR to RZ for the conversion,
last entry. reducing the cycle count for the conversion to only that of
the FFTOSIZ[S/D] operation, saving 4 to 6 cycles.
4.7.2 LDC/STC Operation Summary Compare operations are performed using the CDP CMP
15 . . .
Table 12 lists the allowable combinations for the P, W, and 1pstmctfon§ f;)llzvl:;;[i ?1; SaRNéRCbEMO,VJ( 5 PSC}} ,mStlr;;: S
U bits in the LDC/STC opcode and the function of the offset tion t(? oad the ag bits with the resu ting
field for each valid operation. flag bits (FPSCR[31:28]). The compare operations are pro-
vided with and without the potential for an INVALID
TABLE 12 5o exception if one of the compare operands is a NaN. The
- FCMP and FCMPO will not signal the INVALID if one of
LDC/STC Operation Summary the compare operands is a NaN, while the FCMPE and
Offset FCMPEO will signal the exception. The FCMPO and
P w U Field  Operation FCMPEOQ compare the operand in the Fm field with 0 and set
0 0 0 UNDEFINED 25 the FPS flags accordingly. The ARM flags N, Z, C, and V are
0 0 1 Reg ~ FLDM/FSTM defined as follows after a FMOVX FPSCR operation:
Count
0 1 0 UNDEFINED
0 1 1 Reg  FLDMIA/FSTMIA N Less than
Count
1 0 0 Offset  FLD/FST 30 Z Equal
1 0 1 Offset  FLD/FST
1 1 0 R;g FLD{VIDB/FSTMDB C Greater Than or Equal or Unordered
Count
1 1 1 UNDEFINED V Unordered
The format of the CDP instruction is shown in Illustration 8.
Illustration 8.
CDP Instruction Format
31 28 27 24 23 22 21 20 19 16
| COND |1|1|1|0|0p|D|Op|Op| Fn |
Opcode[3 Opcode[2:1]
15 12 11 8 7 6 5 4 3 0
[ w o[ [s[~x[oe[m[o] = |
Opcode[0]
50
4.8 CDP (Coprocessor Data Processing)
CDP instructions include all data processing operations TABLE 13
which involve operands from the floating point register file
and produce a result which will be written back to the CDP Bit Field Definitions
register file. Of special interest is the FMAC (multiply- 55 o N
accumulate chained) operation, an operation performing a Bit Field Definition
multlp.ly on two of the 0perand§ and adding a third. Thls Opeode 4-bit FPS operation code (See Table 14)
operation differs from qued multlp.ly-a(.:cumulate operations D Single precision operations:
in that an IEEE rounding operation is performed on the Destination register lsb
product before the addition of the third operand. This allows 60 Double precision operations:
Java code to utilize the FMAC operation to speed up v 2’?“5; be set to 0 )
s T . . n ingle precision operations:
multiply accuml.llate operations over the separate multiply Source A register upper 4 bits OR
then add operations. E L .
i ) ) . xtend opcode most significant 4 bits
Two instructions in the CDP group are useful in conver- Double precision operations:
sion of a floating point value in a FPS register to its integer 65 Source A register address OR

value. FFTOUI[S/D] performs a conversion of the contents
of a single or double precision to an unsigned integer in a

Extend opcode most significant 4 bits
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form [OPERATION] COND]S/D] with the exception of
TABLE 13-continued the serializing and FLSCB instructions. The instruction

encoding for the Extended operation is formed in the same

CDP Bit Field Definitions . . A A
way as the index into the register file for the Fn operand, i.e.,

Bit Field Definition 5 {Fn[S:O], N}
Fd Single precision operations:
Destination register upper 4 bits TABLE 15
Double precision operations:
Destination register address CDP Extended Operations
S Operation operand size. 10
0 - Single precision operands Fn|N Name Operation
1 - Double precision operands
N Single precision operations: 00000  FCPY Fd = Fm
Source A register 1sb 00001  FABS Fd = abs(Fm)
Extend opcode 1sb 00010 FNEG Fd = -(Fm)
Double precision operations: 15 00011 FSQRT Fd = sqrt(Fm)
Must be set to 0 00100— Reserved
Extend opcode 1sb 00111
M Single precision operations: 01000 FCMP* Flags := Fd & Fm
Source B register 1sb 01001 FCMPE* Flags = Fd & Fm with exception
Double precision operations: reporting
Must be set to 0 01010 FCMPO* Flags :=Fd & 0
Fm Single precision operations: 20 01011 FCMPEO* Flags = Fd & 0 with exception
Source B register address upper 4 bits reporting
Double precision operations: 01100- Reserved
Source B register address 01110

01111 FCVTD<cond>S* Fd(double reg encoding) = Fm(single
reg encoding) converted single to double

4.8.1 Opcodes 25 . preci.sion. (coproceS§or 10)
Table 14 lists the primary opcodes for the CDP instruc- 0111 FCVIS<cond>D i‘gséﬁfizggg) iﬁ?jﬁ:ﬁg& z;rgl(jizbsi de
tions. All mnemonics have the form [OPERATION] COND] precision. (coprocessor 11)
[S/D]. 10000 FUITO* Fd =
ConvertUnsignedIntToSingle/Double(Fm)
TABLE 14 3p 10001 FSITO* Fd =

ConvertSignedIntToSingle/Double(Fm)

CDP Opcode Specification 10010~ Reserved

10111
Opcode Operation 11000 FFTOUI* Fd = ConvertToUnsignedInteger(Fm)
Field Name Operation {Current RMODE}
35 11001 FFTOUIZ* Fd = ConvertToUnsignedInteger(Fm)
0000 FMAC Fd = Fn * Fm + Fd {RZ mode}
0001 FNMAC  Fd =-(Fn * Fm + Fd) 11010 FFTOSI* Fd = ConvertToSignedInteger(Fm)
0010 FMSC Fd=Fn * Fm - Fd {Current RMODE}
0011 FNMSC  Fd = -(Fn *Fm - Fd) 11011 FFTOSIZ* Fd = ConvertToSignedInteger(Fm) {RZ
0100 FMUL  Fd=Fn*Fm mode}
0101 FNMUL  Fd = ~(Fn * Fm) 40 11100— Reserved
0110 FSUB Fd = Fn - Fm 11111
0111 FNSUB  Fd = —(Fn - Fm)
11000010_ REI;?\Z a Fd = Fn + Fm *Non-vectorizable operations. The LEN field is ignored and a scalar
1011 operation is performed on the specified registers.
1100 FDIV Fd = Fn / Fm 45
1101 FRDIV Fd = Fm / Fn
1110 FRMD Fd = Fn % Fm (Fd = fraction left after 5. System Registers
Fn / Fm)
1111 Extend Use Fn register fleld to specify operation

for 2 operand operations (See Table 15) 51 Svst ID Resist (FPSID)
.1 System egister

50
4.8.2 Extended Operations
Table 15 lists the extended operations available using the The FPSID contains the FPS architecture and
Extend value in the opcode field. All instructions have the implementation-defined identification
INlustration 9.
FPSID Register Encoding
31 24 23 16
| Implementor Architecture version |
15 4 3 0

| Part number Revision |

65
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value. This word may be used to determine the model,
feature set and revision of the FPS and the mask set number.
The FPSID is read only and writes to the FPSID are ignored.
See Ilustration 9 for the FPSID register layout.

36

The VFPv1 architecture incorporates a register file strid-
ing mechanism for use with vector operations. If the
STRIDE bits are set to 00, the next register selected in a
vector operation will be the register immediately following
the previous register in the register file. The normal register

5.2 User Status anq Control Register (FPSCR) 5 file wrapping mechanism is unaffected by the stride value. A

The FPSCR register contains user accessible configura- STRIDE of 11 will increment all input registers and the
tion bits and the exception status bits. The configuration output register by 2. For example,
options include the exception enable bits, rounding control, FMULEQS F8, F16, F24
vector stride and length, handling of denormal operands and will perform the following non-vector operations:
results, and the use of debug mode. This register is for user FMULEQS F8, F16, F24
and operating system code to configure FMULEQS F10, F18, F26

Illustration 10.
User Status and Control Register (FPSCR)

31 30 29 28 27 26 25 24 23 22 21 20 19 18 16
|N|Z|C|V|R|R|R|FZ|RMODE|STRIDE|N| LEN |

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

| RESERVED |IXE|UFE|OFE|DZE|IOE| RESERVED |IXC|UFC|OFC|DZC|IOC|

the FPS and interrogate the status of completed operations.
It must be saved and restored during a context switch. Bits
31 through 28 contain the flag values from the most recent
compare instruction, and may be accessed using a read of the
FPSCR. The FPSCR is shown in Illustration 10.
5.2.1 Compare Status and Processing Control Byte

Bits 31 through 28 contain the result of the most recent
compare operation and several control bits useful in speci-
fying the arithmetic response of the FPS in special circum-
stances. The format of the Compare Status and Processing
Control Byte are given in Illustration 11.

Mlustration 11.
FPSCR Compare Status and Processing
Control Byte

31 30 29 28 27 26 25 24
[ [zfefv]rfr]r]r]

TABLE 16

FPSCR Compare Status and Processing Control Byte Field Definitions

Register Bit Name Function

31 N Compare result was less than

30 z Compare result was equal

29 C Compare result was greater than
or equal or unordered

28 \% Compare result was unordered

27:25 Reserved

24 FzZ Flush to zero
0 : IEEE 754 Underflow
handling
(Default)

1 : Flush tiny results to zero
Any result which is smaller than
the nomial range for the
destination precision will result
in a zero written to the
destination. The UNDERFLOW
exception trap will not be taken.

5.2.2 Control Byte

The system control byte controls the rounding mode,
vector stride and vector length fields. The bits are specified
as shown in Illustration 12.
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FMULEQS F12, F20, F28
FMULEQS F14, F22, F30

effectively ‘striding” the operands for the multiply in the
register file by 2 rather than by 1 register

Illustration 12.
FPSCR System
Control Byte

23 22 21 20 19 18 16
| RMODE| STRIDE | N | LEN
TABLE 17

FPSCR System Control Byte Field Definitions

Register Bit Name Function

23:22 RMODE Set rounding mode

00 : RN (Round to Nearest,
Default)

01 : RP (Round towards Plus
infmity)

10 : RM (Round towards Minus
Infinity)

11 : RZ (Round towards Zero)
Set the vector register access to:
00 : 1 (Default)

01 : RESBRVED

10 : RESERVED

11:2

21:20 STRIDE

19 Reserved

®
18:16 LEN Vector Length. Specifies length
for vector operations. (Not all
encodings are available in each
implementation.)

000 : 1 (Default)

001 :
010 :
011 :
100 :
101 :
110 :
111 :

[e=BEN - NT U NN IV o)
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5.2.3 Exception Enable Byte

The exception enable byte occupies bits 15:8 and contains
the enables for exception traps. The bits are specified as
shown in [llustration 13. The exception enable bits conform
to the requirements of the IEEE 754 specification for han-
dling of floating point exception conditions. If the bit is set,
the exception is enabled, and FPS will signal a user visible
trap to the operating system in the event of an occurrence of
the exceptional condition on the current instruction. If the bit

38

exception, they must be cleared by a FMOVX write to the
FPSCR or a FSERIALCL instruction. The bits are specified
as shown in Illustration 14. In the case of an enabled
exception, the corresponding exception status bit will not be
automatically set. It is the task of the support code to set the
proper exception status bit as needed. Some exceptions may
be automatic, i.e., if the exception condition is detected, the
FPS will bounce on the subsequent floating point instruction
regardless of how the exception enable bit is set. This allows
some of the more involved exception processing required by

10 ;

is cleared, the exception is not enabled, and the FPS will not the IE.EE 754 standard to be performed in software rather
onal <ibl h . 0 th than in hardware. An example would be an underflow
signal a user YISI ¢ trap t.o the oper.atmg system 1n the ever.lt condition with the FZ bit set to 0. In this case, the correct
of the exceptional condition, but will generate a mathemati- result may be a denormalized number depending on the
cally reasonable result. The default for the exception enable exponent of the result and the rounding mode. The FPS
bits is disabled. For more information on exception handling 15 allows implementers to select the response including the
please see the IEEE 754 standard. option to boluncczi and. utilﬁ.ze th{: suppc;lrt ZOde' to producg the
Some implementations will generate a bounce to the correct result and write t 1s value to t € estination re’glster.
. . . If the underflow exception enable bit is set, the user’s trap

support code to handle exceptional conditions outside the .

o L handler will be called after the support code has completed
capability of the hardware, even when the exception is th tion. This cod lter the state of the FPS and
disabled. This will be generally invisible to user code 20 Hie operation. | A coce may Aier e state of He an

’ g ¥ ’ return, or terminate the process.
Illustration 13. .
. Illustration 14.
FPSCR Exception Enable Byte FPSCR Exception
15 13 12 11 10 9 8 25 Status Byte
Reserved |[XE|UFE|OFE|DZE| IOE| 7 5 4 3 2 1 9
Reserved | IXC |UFC|OFC |DZC| IOC|
TABLE 18 30
FPSCR Exception Enable Byte Fields TABLE 19
Register Bit Name Function FPSCR Exception Status Byte Field Definitions
15:13  Reserved . 35 Register Bit Name Function
12 IXE Inexact Enable Bit
0: Disabled (Default) 7:5 Reserved
1: Enabled 4 IXC Inexact exception detected
11 UFE Underflow Enable Bit 3 UFC Underflow exception detected
0: Disabled (Default) 2 OFC Overflow exception detected
1: Enabled 40 1 DZC Divide by zero exception
10 OFE Overflow Enable Bit detected
0: Disabled (Default) 0 10C Invalid Operation exception
1: Enabled detected
9 DZE Divide-by-Zero Enable Bit
0: Disabled (Default)
1: Enabled _ 5.3 Register File Content Register (FPREG)
8 IOE [nvalid Operand Enable Bit 4 The Register File Content Register is a privileged register
gj giﬁ;d (Default) containing information which may be used by a debugger to
: properly present the contents of the register as interpreted by
the currently running program. The FPREG contains 16 bits,
one bit
Illustration 15.
FPREG Register Encoding
31 16
| Reserved |
15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

|C15|C14|C13|C12|C11|C10| C9 | C8|C7l C6| Ccs |C4 | C3 | c2 | C1 | C0|

5.2.4 Exception Status Byte

The exception status byte occupies bits 7:0 of the FPSCR
and contains the exception status flag bits. There are five
exception status flag bits, one for each floating point excep-
tion. These bits are ‘sticky’; once set by a detected

65

for each double precision register in the register file. If the
bit is set, the physical register pair represented by the bit is
to be displayed as a double precision register. If the bit is
clear, the physical register is uninitialized or contains one or
two single precision data values.
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TABLE 20

FPREG Bit Field Definitions

FPREG

bit Bit Set Bit Clear

Co DO valid S1 and SO valid or
uninitialized

C1 D1 valid S3 and S2 valid or
uninitialized

c2 D2 valid S5 and S4 valid or
uninitialized

C3 D3 valid S7 and S6 valid or
uninitialized

Cc4 D4 valid S9 and S8 valid or
uninitialized

Cs D5 valid S11 and S10 valid or
uninitialized

C6 D6 valid S13 and S12 valid or
uninitialized

Cc7 D7 valid S15 and S14 valid or
uninitialized

C8 D8 valid S17 and S16 valid or
uninitialized

C9 D9 valid S19 and S18 valid or
uninitialized

C10 D10 valid S21 and S20 valid or
uninitialized

C11 D11 valid S$23 and S22 valid or
uninitialized

C12 D12 valid S25 and S24 valid or
uninitialized

C13 D13 valid S27 and S26 valid or
uninitialized

C14 D14 valid S$29 and S28 valid or
uninitialized

C15 D15 valid S31 and S30 valid or
uninitialized

6. Exception Processing

The FPS operates in one of two modes, a debug mode and
a normal mode. If the DM bit is set in the FPSCR, the FPS
operates in debug mode. In this mode the FPS executes one
instruction at a time while ARM is made to wait until the
exception status of the instruction is known. This will
guarantee the register file and memory are precise with
respect to instruction flow, but at the expense of much
increased execution time. The FPS will accept a new instruc-
tion from the ARM when resources allow, and signal excep-
tions upon detection of the exceptional condition. Exception
reporting to the ARM will always be precise with respect to
the floating point instruction stream except in the case of a
load or store operation which follows a vector operation and
executes in parallel with the vector operation. In this case the
contents of the register file, for load operations, or memory,
for store operations, may not be precise.
6.1 Support Code

Implementations of the FPS may elect to be IEEE 754
compliant with a combination of hardware and software
support. For unsupported data types and automatic
exceptions, the support code will perform the function of
compliant hardware and return the result, when appropriate,
to the destination register and return to the user’s code
without calling a user’s trap handler or otherwise modifying
the flow of the user’s code. It will appear to the user that the
hardware alone was responsible for the processing of the
floating point code. Bouncing to support code to handle
these features significantly increases the time to perform or
process the feature, but the incidence of these situations is
typically minimal in user code, embedded applications, and
well written numeric applications.

The support code is intended to have two components: a
library of routines which perform operations beyond the

10

15

20

25

30

35

40

45

50

60

65

40

scope of the hardware, such as transcendental computations,
as well as supported functions, such as divide with unsup-
ported inputs or inputs which may generate an exception;
and a set of exception handlers which process exception
traps in order to provide IEEE 754 compliance. The support
code is required to perform implemented functions in order
to emulate proper handling of any unsupported data type or
data representation (e.g., denormal values). The routines
may be written to utilize the FPS in their intermediate
calculations if care is taken to restore the users’ state at the
exit of the routine.

6.2 Exception Reporting and Processing

Exceptions in normal mode will be reported to the ARM
on the next floating point instruction issued after the excep-
tion condition is detected. The state of the ARM processor,
the FPS register file, and memory may not be precise with
respect to the offending instruction at the time the exception
is taken. Sufficient information is available to the support
code to correctly emulate the instruction and process any
exception resulting from the instruction.

In some implementations, support code may be used to
process some or all operations with special IEEE 754 data,
including infinities, NaNs, denormal data, and zeros. Imple-
mentations which do so will refer to these data as
unsupported, and bounce to the support code in a manner
generally invisible to user code, and return with the IEEE
754 specified result in the destination register. Any excep-
tions resulting from the operation will abide by the IEEE 754
rules for exceptions. This may include trapping to user code
if the corresponding exception enable bit is set.

The IEEE 754 standard defines the response to excep-
tional conditions for both cases of the exception enabled and
disabled in the FPSCR. The VFPv1 Architecture does not
specify the boundary between the hardware and software
used to properly comply with the IEEE 754 specification.
6.2.1 Unsupported Operations and Formats

The FPS does not support any operations with decimal
data or conversion to or from decimal data. These operations
are required by the IEEE 754 standard and must be provided
by the support code. Any attempt to utilize decimal data will
require library routines for the desired functions. The FPS
has no decimal data type and cannot be used to trap
instructions which use decimal data.

6.2.2 Use of FMOVX When the FPS is Disabled or Excep-
tional

The FMOVX instruction, executed in SUPERVISOR or
UNDEFINED mode may read and write the FPSCR or read
the FPSID or FPREG when the FPS is in an exceptional state
or is disabled (if the implementation supports a disable
option) without causing an exception to be signalled to the
ARM.

Section 2

FIG. 16 is a block diagram illustrating elements of the
data processing apparatus used in preferred embodiments to
process a sequence of data processing operations defined by
a vector instruction. The vector instruction is passed to an
instruction decoder 400 over path 440, in preferred embodi-
ments the instruction being read into the instruction decoder
400 from the instruction register 44 illustrated in FIG. 2. As
mentioned earlier with reference to FIG. 2, the instruction
decoder 400 can be considered to include in preferred
embodiments the register control and instruction issue unit
48, the load store control unit 42 and the vector control unit
50 illustrated in FIG. 2.

The instruction decoder 400 first identifies the registers
within the instruction, and outputs the source register infor-
mation to the register file 38 over path 445. This causes the
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data values stored in those source registers to be read out
from the register file 38, and supplied over path 460 to the
first pipelined stage of an execution unit 430. In preferred
embodiments, the execution unit 430 consists of four pipe-
lined stages, and corresponds to the multiply accumulate
unit 40 illustrated in FIG. 2.

Additionally, the instruction decoder 400 issues the
source and destination register information to a pipeline
follower 410 over path 455. The source register information
is stored in a portion 412 of a first register of the pipeline
follower, whilst the destination register is stored in a portion
414 of a first register of the pipeline follower 410.

Having output the initial register values, the instruction
decoder 400 decodes the opcode, and then sends a signal
over path 450 to the execution unit 430 to identify the type
of data processing operation to be performed (e.g. whether
the instruction is an add, subtract, multiply, divide, load,
store, etc). This is independent of the vector or scalar nature
of the instruction.

Once the execution unit 430 has received the signal from
the instruction decoder 400 over path 450 identifying the
operation to be performed, and the initial data values from
the register file 38 over path 460, then exception determi-
nation logic 435 within the first pipelined stage El1 is
arranged to determine whether an exception condition might
occur if the data processing operation is allowed to continue
through the subsequent pipelined stages of the execution
unit 430. If it is determined than an exception condition
might occur, then various exception attributes are arranged
to be stored within the exception register 420. The exception
attributes used in preferred embodiments of the present
invention will be described in more detail later.

Assuming that the exception determination logic does not
detect that an exception condition might occur, then the data
processing operation is allowed to continue, and in the next
iteration will move to pipelined stage E2. At this time, the
destination register associated with that data processing
operation will be moved from the portion 414 of a first
register of the pipeline follower 410 to a second register 416,
and the source register information stored in portion 412 of
the first register of the pipeline follower 410 will not be kept.

Assuming the instruction received over path 440 is a
vector instruction, then the instruction decoder 400 is
arranged to generate the necessary sequence of register
access signals required for each iteration of the vector
operation. As mentioned earlier with reference to FIG. 2, the
instruction decoder 400 uses the length value and the stride
value stored within the vector control register 46 when
determining the register access signals for each iteration.
Hence, the instruction decoder 400 will now issue the source
register signals for the next iteration to the register file 38
over path 445, in order to cause the data values required for
the next iteration to be passed to stage E1 of the execution
unit 430 over path 460. Further, the source and destination
registers for this next iteration will be passed over path 455
to the pipeline follower 410, where the source registers will
be stored in portion 412 of the first register, and the
destination register will be stored in portion 414 of the first
register of the pipeline follower 410.

By this approach, consecutive iterations of data process-
ing operations defined by the vector instruction will be
passed through the pipeline until such time as an exception
is detected in pipeline stage E1 of the execution unit 430. As
soon as an exceptional operation is identified at stage E1 of
the execution unit 430, the relevant exception attributes are
stored within the exception register 420, and no further
iterations are issued from the instruction decoder 400 to the
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execution unit 430. However, any iterations already in stages
E2 to E4 of the pipeline are allowed to complete.

Once the final result of a particular iteration is determined
in stage E4 of the execution unit 430, the result is passed
over path 465 to the register file 38. Further the destination
register at which that result should be stored is passed from
register 419 of the pipeline follower 410 to the register file
38 over path 470, to enable the register file to store the result
in the correct destination register.

The handling of the detection of an exceptional operation
by the data processing apparatus elements illustrated in FIG.
16 will now be discussed in more detail with reference to
FIGS. 17A to 17C. For the sake of illustration, a vector add
instruction specifying as original registers R8, R16 and R24,
and having a vector length of 8, will be considered (for this
example the stride register value is 00, corresponding to a
stride of 1). During the first iteration, the execution unit 430
will receive signals from the instruction decoder 400 and the
register file 38 to initiate within the execution unit 430 a data
processing operation equivalent to the one that would be
performed for a scalar add operation used to add the contents
of registers 16 and 24, and place the result in register 8.
Further, the pipeline follower 410 will store data in portion
412 of a first register identifying the source registers 16 and
24, and will store data in a second portion 414 of a first
register identifying the destination register 8.

FIG. 178 illustrates the status during the second iteration,
assuming that the exception determination logic did not
identify the first operation as being an exceptional operation.
In this case, the first operation has moved to stage E2 of the
execution unit 430, and the data within the pipeline follower
identifying the destination register 8 has been moved to
register 416 of the pipeline follower. Stage E1 of the
execution 430 now receives signals to initiate an operation
equivalent to the operation that would be performed for a
scalar add instruction to add the contents of registers 17 and
25 together, with the result being placed in register 9.
Portion 412 of the first register of the pipeline follower 410
will now hold data identifying register 17 and 25, whilst
portion 414 will store data identifying register 9.

FIG. 17C illustrates the status on the third iteration,
assuming that the exception determination logic did not
consider the second data processing operation to be an
exceptional operation. As illustrated in FIG. 17C, the first
data processing operation has now reached E3 of the execu-
tion unit 430, and the data identifying the destination register
R8 has been moved to register 418 of the pipeline follower
410. Similarly, the second data processing operation has
moved to stage E2 of the execution unit 430, and the data
identifying the destination register R9 has been moved to
register 416 of the pipeline follower 410. The execution unit
430 now receives signals to initiate a data processing
operation equivalent to the operation that would be per-
formed for a scalar add instruction to add together the data
values in registers 18 and 26, with the result being placed in
register 10. Portion 412 of a first register of the pipeline
follower 410 now stores data identifying source registers 18
and 26, whilst portion 414 stores data identifying the des-
tination register R10.

Assuming that the exception determination logic now
determines that this third data processing operation is an
exceptional operation, then exception attributes are stored
within the exception register 420, and no further data
processing operations are allowed to enter the execution unit
430. However, the first and second data processing opera-
tions are allowed to complete.

The exception attributes stored within the exception reg-
ister 420 in preferred embodiments are identified in FIG.
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17C. Firstly, the exception register 420 includes the Opcode,
which is provided by the instruction decoder 400. Secondly,
the exception register includes the source and destination
registers for the data processing operation that has been
determined to be an exceptional operation. In this instance,
the exception register hence needs to store a reference to the
registers R10, R18 and R26. As this information is stored in
the pipeline follower 410 in accordance with preferred
embodiments, this data can be provided directly from the
pipeline follower 410 to the exception register 420, as
indicated by the path 500 in FIG. 17C.

Further, in preferred embodiments, the exception register
420 also includes a reference to the precision of the
operation, e.g. whether the operation is a single precision or
double precision operation. This precision information can
be provided in preferred embodiments from the instruction
decoder 400. Further, an indication of the number of itera-
tions of data processing operations remaining is also stored
in the exception register 420 in preferred embodiments of
the present invention. As each iteration occurs, then in
preferred embodiments a register within the instruction
decoder is used to store the number of iterations remaining.
Hence, taking the example discussed earlier that had a vector
length of 8, then after the issuance of the ADD (R10, R18,
R26) iteration to the execution unit 430, this register will in
preferred embodiments store the value 5, since 3 iterations
have already been supplied to the execution unit 430. This
value can be provided to the exception register 420 from the
instruction decoder 400.

Finally, the exception register 420 includes an identifica-
tion of the exception type that has been detected by the
exception determination logic. In preferred embodiments,
there are four types of exception which may be detected by
the exception determination logic 435 within the execution
unit 430. These exceptions are: overflow (OF), underflow
(UF), divide-by-zero (DZ) and input exception (invalid
operation or unsupported operand) (IE). IE and DZ excep-
tions are readily detectable at stage E1, since no processing
of the input data values is required in order to detect such
exceptions. Further, in preferred embodiments, OF and UF
exceptions are detected pessimistically at stage E1, for
example by reviewing the exponents of the input data.

For the sake of illustration, the exception register 420 has
been illustrated in FIG. 17C as a physically separate register
reproducing directly five items of information, namely the
Opcode, the source and destination registers, the precision,
the number of iterations left, and the exception type.
However, in preferred embodiments, the exception register
420 is comprised of two control registers, the first control
register storing the exception type and the number of
remaining iterations, and the second control register storing
the Opcode, the source and destination registers, and the
precision. This second control register is of a similar format
to the original instruction issued to the instruction decoder
400 by the CPU core 24, hence resulting in simplified
decoding of this second control register.

Further, to improve efficiency, these two control registers
are actually made up of portions of other registers that
already store the items of information required. Hence, the
second control register consists of registers within the
instruction decoder containing the Opcode and the precision,
and the registers in the pipeline follower 410 containing the
source and destination registers. Similarly, the first control
register contains the register within the instruction decoder
identifying the number of iterations left, and an internal FPU
register containing exception flags identifying which excep-
tion has been detected.
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An example of a possible four stage pipeline process that
may be performed by the execution unit 430 of preferred
embodiments is illustrated in FIG. 18. The logic illustrated
in FIG. 18 performs a multiply-accumulate operation, such
that the result equals B+(AxC). It will be appreciated that the
logic can also perform a straightforward add operation by
setting the input C to 1, or can perform a straightforward
multiply operation by setting the input B to 0. Further, it will
be appreciated by those skilled in the art that such logic can
be supplemented to enable division to also be performed.
However, for ease of illustration, this additional logic has
not been shown.

As shown in FIG. 18, the first stage E1 consists of a
multiplier 600 which performs the multiplication AxC,
providing the output in carry-save format to the latches 664
and 666, respectively. Meanwhile, the input B is stored in
latch 662. Then, at stage E2, the adder 610 adds the values
stored in latches 664 and 666, the result being stored in latch
670. Also, during stage E2, the input B is stored in latch 668.

In stage E3, the values stored in latches 668 and 670 are
passed through align/shift logic 630, 620, respectively, to
enable both values to be aligned with respect to each other,
and then the values are added by adder 640, with the result
being stored in latch 672. Then, at stage E4, the result is
passed through a normalize/shift logic 650, to enable any
normalization required to be performed, and the value is
then provided to one input of an adder 660. The other input
of the adder 660 is a rounding value, which when formed
causes the output of the adder 660 to represent a rounded
data value. The rounding value is formed when the result of
the normalize/shift logic 650 requires an adjustment to be
correct. The output from the adder is then latched in the latch
674.

Having described the contents stored in the exception
register 420 upon detection of an exception by the execution
unit 430, the steps performed by the exception processing
tool in accordance with preferred embodiments of the
present invention will now be described with reference to
FIGS. 19A and 19B. The exception processing tool may be
embodied as either software or hardware, or indeed a
combination of both hardware and software. However, in
preferred embodiments, the exception processing tool is
formed by software support code executing on the CPU core
24.

Upon receipt of an abort signal, the CPU core 24 rums the
software support code at step 700. In preferred
embodiments, the abort signal is not generated as soon as an
exception is detected, but rather is generated when the next
floating point instruction is issued from the CPU core 24 to
the FPU 26 after the exceptional operation has been
detected. Alternatively, if there is already a dependent float-
ing point instruction waiting in the instruction decoder 400,
the abort signal will be generated upon detection of the
exceptional operation. This is due to multi-cycle (vector)
floating point instructions operating orthogonally to the
processor core instruction stream. The term “dependent” is
used here to refer to coprocessor data processing operations
which are destined for the execution unit but need to be held
in the instruction decoder 400 since the execution unit is
busy executing the vector instruction, and to other instruc-
tions that have any form of dependency on the vector
instruction (e.g. Load/store instructions referring to registers
still being used by the vector instruction). Given the above
approach, a large number of processor core instructions, and
other coprocessor instructions not dependent on the vector
instruction, may have been issued subsequently to the vector
instruction and prior to the abort signal being generated, and
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need not be re-executed subsequent to handling of the
exceptional operation by the software support code.

Once the support code has been initiated upon receipt of
the abort signal, then the support code reads the contents of
the exception register at step 710, and then determines the
exception type at step 720. Having determined the type of
exception, the support code then applies the appropriate
exception routine at step 730 in order to handle the excep-
tional operation. In preferred embodiments, the software
support code is arranged to comply with the “IEEE Standard
for Binary Floating-Point Arithmetic”, ANSI/IEEE Standard
754-1985, The Institute of Electrical and Electronic
Engineers, Inc, New York, 10017 (hereafter referred to as
the IEEE 754-1985 standard), and hence at step 730 appro-
priate routines are applied to determine the IEEE 754-1985
specified result. Thus, as an example, if the exception is an
overflow exception, then the software support code will
generate a correctly signed infinity or largest finite number
for the destination precision, depending on the rounding
mode.

Then, at step 740, it is determined whether the type of
exception being handled is a user enabled exception. In
preferred embodiments, a register in the floating point unit
26 has a number of exception enable bits (one for each
exception type) which conform to the requirements of the
EEE 754-1985 specification for handling of floating point
exceptions. This enables the user to provide his/her own
handling code to deal with the exception rather than gener-
ating the results specified by the IEEE 754-1985 specifica-
tion. Hence, if the enable bit for the particular type of
instruction is set by the user, then the process proceeds to
step 750 where user handler code is called to handle the
exception. However, if the enable bit is not set, the process
proceeds to step 760, where the IEEE 754-1985 compliant
result determined at step 730 is written into the destination
register.

The IEEE 754-1985 standard requires that the user is able
to determine whether any particular type of exception has
occurred. Hence, a set of exception status bits are provided
in a control register (referred to as the FPSCR register),
which are set when the support code deals with each
particular exception type. Thus, at step 770, the relevant
exception status bit is set. For example, if an overflow
exception is handled by the support code and the standard
IEEE 754-1985 result is stored in the destination register,
then the exception status bit for an overflow exception is set
in the control register. Hence, if the user later queries the
register, he/she will see that an overflow exception has
occurred.

After the above steps have taken place, the process
proceeds to step 780, where it is determined whether there
are any more iterations to be performed. In preferred
embodiments, this information is determined from the infor-
mation in the exception register 420 identifying the number
of iterations left after the exceptional operation. If no further
iterations are remaining, the software support code is exited
at step 790, and normal processing is resumed. In preferred
embodiments, the floating point unit 26 resumes processing
with the instruction that caused the abort signal to be issued
by the floating point unit 26 (i.e. the first dependent floating
point instruction issued after the exceptional operation was
detected).

However, if there are further iterations to be performed,
then the process proceeds to step 800, where the support
code creates a new vector instruction. Since the exception
register contents provided the source and destination regis-
ters for the exceptional operation, and identified the number

10

15

20

25

30

35

40

45

50

55

60

65

46

of iterations remaining after the exceptional operation, the
support code can readily generate a new vector instruction
using the Opcode and the next set of source and destination
registers, with the new vector instruction being given a
vector length equal to the number of iterations left. In
preferred embodiments, the stride information needed for
the new vector instruction can be obtained from a register
within the instruction decoder 400.

Once the new vector instruction has been created, this
new vector instruction is issued to the instruction decoder
400. In preferred embodiments, when an abort signal is
issued upon detection of the original exceptional operation,
all instructions within the floating point unit 26 are flushed.
Hence, the support code can pass the new vector instruction
to the instruction decoder 400, and that vector instruction
will be executed immediately without having to wait for any
preceding instructions to be completed.

At this stage, the support code is not exited, but instead
the support code issues a subsequent instruction to check the
exception register 420. As soon as the new vector instruction
has been processed, this instruction will be decoded and
executed, in order to cause the contents of the exception
register 420 to be returned to the support code. If, during
execution of the new vector instruction, an exception was
detected by the exception determination logic 435 within the
execution unit 430, then accordingly the exception register
420 will include the necessary details of that exceptional
operation.

Hence, at step 830, it is determined whether any exception
is indicated by the contents of the exception register 420. If
not, then this indicates that the new vector instruction has
completed without an exception being detected, and hence
the support code is exited at step 840. However, if an
exception has been detected, and hence the exception reg-
ister 420 contains the details of that exceptional operation,
then the process returns to step 720 where the exception type
is determined. The process then repeats until the entire
vector instruction has been completed, at which point the
support code is exited, and normal processing is resumed.

As an alternative to generating a new vector instruction
after handling of the exceptional operation, and using the
execution unit 430 to then continue execution of the vector
instruction, it is possible to arrange for the support code to
directly handle not only the exceptional operation, but also
all of the subsequent data processing operations forming the
original vector instruction.

However, irrespective of which embodiment is chosen, all
iterations that entered the execution unit 430 prior to the
exceptional operation being detected can be allowed to
complete within the execution unit 430, and these iterations
hence do not require any emulation.

The above approach enables exceptions occurring during
processing of vector instructions by a pipeline execution unit
to be handled in a particularly efficient manner, without the
requirement for the whole vector instruction to be passed to
the support code for handling. This also has the benefit that
it allows for reduced resource “locking” to be
accommodated, since all of the registers used by the vector
instruction do not need to be locked until the entire vector
instruction has been completed. In particular, as soon as a
particular iteration has completed, and assuming the regis-
ters used by that iteration are not required by subsequent
data processing operations defined by the vector instruction,
then the registers associated with that iteration may be
released for use by subsequent instructions. This again
improves the efficiency of the data processing apparatus.

The above described technique of preferred embodiments
provides a fundamentally new approach to the handling of
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exceptions occurring during processing of vector
instructions, since current data processing systems do not
generally handle vector-type instructions that require the
additional granularity as to vector iterations, and further tend
to handle exceptional conditions in hardware, and so do not
require emulation of exceptional conditions.
Although particular embodiments of the invention have
been described herewith, it will be apparent that the inven-
tion is not limited thereto, and that many modifications and
additions may be made within the scope of the invention.
For example, various combinations of the features of the
following dependent claims could be made with the features
of the independent claims without departing from the scope
of the present invention.
I claim:
1. A data processing apparatus comprising:
an instruction decoder for decoding a vector instruction
representing a sequence of data processing operations;

an execution unit comprising a plurality of pipeline stages
for executing said sequence of data processing
operations, the execution unit including exception
determination logic for determining, as each data pro-
cessing operation enters a predetermined pipeline
stage, whether that data processing operation is an
exceptional operation matching predetermined excep-
tion criteria, the execution unit being arranged to halt
processing of said exceptional operation;

an exception register for storing exception attributes relat-

ing to said exceptional operation, said exception
attributes identifying the data processing operation in
said sequence which has been determined to be said
exceptional operation and providing an indication of
the location of the exceptional operation within the
sequence of data processing operations; whereby the
exception attributes stored in the exception register can
be provided to an exception processing tool for use in
handling said exceptional operation and in facilitating
completion of the vector instruction.

2. A data processing apparatus as claimed in claim 1,
further comprising a register bank having a plurality of
registers for storing data values used for said sequence of
data processing operations, said exception attributes includ-
ing first data identifying the registers containing the data
values to be used for the exceptional operation.

3. A data processing apparatus as claimed in claim 2,
wherein the exception attributes include second data iden-
tifying the number of data processing operations that follow
the exceptional operation in said sequence.

4. A data processing apparatus as claimed in claim 2,
wherein the exception attributes include second data iden-
tifying the location of the exceptional operation from the
beginning of the sequence of data processing operations.

5. A data processing apparatus as claimed in claim 1,
further comprising an exception processing tool for receiv-
ing the exception attributes from the exception register, and
for applying one or more predetermined operations to gen-
erate a result for the exceptional operation.

6. A data processing apparatus as claimed in claim 5,
wherein the exception processing tool is arranged to gener-
ate a new vector instruction representing the data processing
operations that follow the exceptional operation in sequence.

7. A data processing apparatus as claimed in claim 6,
wherein the exception processing tool is arranged to issue
the new vector instruction to the instruction decoder for
execution by the execution unit.

8. A data processing apparatus as claimed in claim 7,
wherein if a data processing operation represented by the
new vector instruction is determined to be an exceptional
operation by the exception determination logic, the excep-
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tion attributes relating to that exceptional operation are
stored in the exception register, and the exception processing
tool is arranged to receive the exception attributes from the
exception register, and to apply one or more predetermined
operations to generate a result for that exceptional operation.

9. A data processing apparatus as claimed in claim 5§,
wherein the exception processing tool is arranged to deter-
mine from the exception attributes the data processing
operations that follow the exceptional operation in said
sequence, and to apply predetermined operations to generate
results for those data processing operations.

10. A data processing apparatus as claimed in claim 1,
wherein the predetermined pipeline stage is the first pipeline
stage, and on detection of said exceptional operation, no data
processing operations that follow said exceptional operation
in said sequence are received by the execution unit.

11. A data processing apparatus as claimed in claim 1,
wherein the execution unit is arranged to complete execution
of any data processing operations preceding said exceptional
operation in the sequence.

12. A method of processing vector instructions, compris-
ing the steps of:

decoding a vector instruction representing of data pro-

cessing operations;

executing said sequence of data processing operations in

an execution unit comprising a plurality of pipeline
stages;

determining, as each instruction enters a predetermined

pipeline stage, whether that data processing operation
is an exceptional matching predetermined exception
criteria;

halting processing of said exceptional operation;

storing in an exception register exception attributes relat-

ing to said exceptional operation, said exception
attributes identifying the data processing operation in
said sequence has been determined to be said excep-
tional operation; and

providing an indication of the location of the exceptional

operation within the sequence of data processing
operations, whereby the exceptions attributes stored in
the exception register can be provided to an exception
processing tool for use in handling said exceptional
operation, and in facilitating completion of the vector
instruction.

13. A data processing apparatus comprising:

an instruction decoder for decoding a vector instruction

representing a sequence of data processing operations;
an execution unit comprising a plurality of pipeline stages
for executing said sequence of data processing
operations, the execution unit including exception
determination logic for determining, as each data pro-
cessing operation enters a predetermined pipeline
stage, whether that data processing operation is an
exceptional operation matching predetermined excep-
tion criteria, the execution unit being arranged to halt
processing of said exceptional operation; and

an exception register for storing exception attributes relat-

ing to said exceptional operation, said exception
attributes identifying the data processing operation in
said sequence which has been determined to be said
exceptional operation; whereby the exception attributes
stored in the exception register can be provided to an
exception processing tool for use in handling said
exceptional operation and in facilitating completion of
the vector instruction.



